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FOREWOKD 


Some thirty or forty years ago there was raging in London 
what used to be called the “Battle of the Systems” between 
the advocates of continuous current on the one hand and 
of alternating current on the other. 

In the early days, the fortunes of the battle inclined to the 
continuous-current side, whose protagonist was Col. Crompton, 
mainly because the legislation of those days practically en- 
forced small distribution areas, while the secondary battery 
was an enormous help in maintaining supply. Ferranti, how- 
ever, pointed out that the centre of a distribution area was by 
no means the right place for a generating station, and showed 
at Deptford that much better results could be obtained by 
placing the power station where cooling water was readily 
come by and the obtaining of coal was cheap and convenient ; 
and that, when current had to be transmitted at a distance, 
alternating current transmission and generation was un- 
doubtedly indicated. 

It was probably the advent of the steam turbine which gave 
the coup de grace to the advocates of continuous current inas- 
much as the continuous-current generators driven by turbines 
were never very practical and were exceedingly difficult and 
expensive to construct. So then it followed that, as for the 
larger generators turbine-driven alternators had perforce to 
be used, generation and also transmission definitely became 
the province of alternating current. 

This, then, left continuous-current distribution in a difficult 
position inasmuch as to convert to continuous current the 
alternating current which had been generated it was necessary 
to employ rotating machinery, which was not only much more 
expensive than static transformers but occupied considerably 
more room and involved expensive attendance. This difi&culty 
was partially solved by ingenious systems of remote control 
which, in themselves, were very expensive and could be applied 
with economy only to larger units, so that the advantages still 
remained with alternating-current distribution. 

There were, however, difficulties in converting a three-wire 
continuous-current system to the standard three-phase system, 
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and this was commonly met in residential areas by the use of 
special six-phase transformers. This, however, involved the 
separation of the network into three distinct portions which 
could not be inter-connected, and was not always very con- 
venient to carry out in such cases where it was not considered 
advisable to run an entirely three-phase four-wire network. 

However, many such conversions were successfully made 
— and then, curiously enough, the pendulum swung another 
way owing to a new development, viz. Wireless Broadcasting. 
Whereas in the old days when changing over a continuous- 
current network to alternating-current working one had, in a 
residential area, merely to deal with a few articles of domestic 
use with, possibly, an occasional difficult dentist’s or surgeon’s 
installation, now one finds that nearly every consumer has a 
wireless set which requires conversion — sometimes a very 
expensive matter indeed, but in all cases involving quite a 
considerable sum. There is no doubt at all that this situation 
has caused the change over of continuous-current systems to 
slow down and, in recent years, the situation has been very 
largely changed by the advent of the mercury rectifier, which 
is the subject of the present book. 

The rectifier has proved a most potent weapon in the hands 
of the distribution engineer inasmuch as he is now in a position 
to convert from alternating to continuous current with much 
higher efficiency than was the case with rotating machines, 
with a small requirement of space, and without the necessity 
for attendance. This applies not only to distribution systems 
but also to traction systems, and it has become a very simple 
matter to supply continuous current to a railway or tramway 
system and to control all the converting plant centrally from 
a single point, as, indeed, has been done in the case of the 
Southern Railway system at Three Bridges. Although the 
glass-bulb mercury-arc rectifier has been on the market for 
many years, it is only recently that it has been developed on 
a scale which makes possible its use in large units, and the 
development has been so rapid that there is, as far as I know, 
no single book which gives a complete and up-to-date survey 
of the developments of this very useful piece of apparatus 
and of its theory, operation, and peculiarities. This book by 
Mr. Rissik, therefore, should fill a void in technical literature, 
and it has the advantage that it is completely up to date. 

Moreover, there are certain less known developments of the 
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convertor which are dealt with fully in this book, such, for 
instance, as the invertor and the cyclo-convertor which are 
dealt with in Chapters XI and XII. The first of these makes 
it possible to deal with long-distance transmission by using 
continuous instead of alternating current at high pressure, 
and getting a great many of the advantages which are 
associated with alternating-current distribution. The very 
ingenious system of Dr. Thury enabled one to do this same 
thing, but its scope was very limited, and the complications 
were considerable, and were overcome only by an extraordinary 
amount of ingenuity. With the invertor, however, the problem 
becomes much simpler and more easy to handle, and, although 
the development in this direction has so far not been notable, 
the possibilities are great. 

It is, therefore, incumbent on everybody who is interested 
in these matters to study carefully the possibilities which are 
opened up by this apparatus. And I venture to commend this 
book to the notice of Engineers and Students as a compre- 
hensive account of a piece of apparatus which will become 
increasingly useful as time goes on. 

J. M. DONALDSON 

Nobthmet House. 

Mayr 1935 . 




PREFACE 

The development that has taken place in mercury -arc rectifier 
technique since the first edition appeared in 1935 has tended 
mainly toward the perfecting of the rectifier and its auxiliaries, 
and toward the elimination of those factors productive, possi- 
bly, of unreliability in service. The most notable advance in 
this direction is represented by the so-caUed “steel-bulb” or 
pumpless air-cooled steel-clad rectifier, and Chapters VII and 
XVI have been extended to include an account of this new 
development, at least as far as British practice is concerned. 

Progress on the Continent during this same period seems 
to have lain chiefly in the direction of perfecting some of the 
newer applications of the grid-controUed rectifier, e.g. the use 
of rectifier-invertor combinations for reversing d.c. drives 
(rolling mills and colliery winders) and of cycloconvertor 
systems in a.c. traction supply. In the United States of 
America, on the other hand, the advance in rectifier technique 
has been directed to applying mercury-arc discharge devices 
to the solution of problems connected with electrical machines, 
and has led inter alia to the development of the so-called 
“thyratron commutator motor” and of new super-excitation 
systems for a.c. generators. All these developments are, how- 
ever, still in a state of flux so that no useful purpose is to be 
served by including their description in the present edition. 

The author has taken the opportunity afforded by the 
appearance of a second edition of correcting a number of errors, 
typographical and otherwise, and of adding one or two refer- 
ences to developments that have taken place since the first 
edition was published. 

H. RISSIK 

Kensington. 

July, 1940. 
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PREFACE TO THE FIRST EDITION 

No apology is needed in introducing the present work, which 
has been written primarily for the electrical student. Although 
there is available a vast amount of literature dealing with the 
rectification of alternating currents by means of vapour-arc 
discharge devices, the bulk of this is not readily accessible, 
being scattered throughout numerous foreign technical journals. 
At the same time the author is unaware of any single collec- 
tion of such material that might usefully form a basis for study 
in the electrical engineering classes of our universities, tech- 
nical colleges and evening schools. The same remark applies, 
but perhaps in lesser degree, to the few standard works of 
reference on this all-important subject which have so far made 
their appearance. 

The classic treatise by Marti and Winograd (1930)* * * § is a 
book intended rather for the designer and the advanced 
engineer, although its later chapters, being devoted to a de- 
scription of steel-tank rectifiers and their operating features, 
are valuable to the student in so far as they illustrate current 
American practice in the application of the mercury-arc recti- 
fier. Again, the monumental work by Muller-Lubeck (1929)t 
is throughout so rigorously mathematical in treatment that it 
can be regarded only as meat for the professors. This is par- 
ticularly true of its first volume, notwithstanding that it con- 
stitutes what is undoubtedly the most searching and exhaustive 
exposition of the rectifier theory. On the other hand, the 
earlier part of its second volume contains much that is really 
useful to the advanced student ; whilst, in the same way, the 
later part affords a valuable insight into continental practice 
in the use of both glass-bulb and steel-tank rectifiers. A shorter 
and somewhat earlier book by Prince and Vogdes (1926)J has 
recently been enlarged, revised, and brought up to date by 
Gramisch for the German edition (1931). § This little treatise 

* Mercury-arc Power Rectifiers (McGraw-Hill Book Co., New York). 

t Der Quecksilberdampf-Gleichrichter (Julius Springer, Berlin). 

% Principles of Mercury-krc Rectifiers and their Circuits (McGraw-Hill Book 
Co., New York). 

§ Quecksilberdampf-Gleichrichter (R. Oldenbourg, Munich). 
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represents what is probably the best introduction to the study 
of the mercury-arc rectifier, alike in its physical and its elec- 
trical aspects, which has as yet been published. 

None of these works of reference, however, deals with rectifier 
theory in an elementary manner calculated to meet the needs 
of the student mentally confronted with this new converting 
apparatus for the first time, and preparing, if somewhat reluc- 
tantly, to grapple with the entirely fresh set of problems that 
its operation involves. The reason for this must be sought in 
the fact that the fundamentals of arc rectification are so far 
divorced from electrodynamics that the orthodox methods of 
analysing and presenting electrical circuit phenomena, and 
which are commonly applied to the study of electrical machines, 
can find no parallel in the study of the mercury-arc rectifier. 

The methods adopted in the above standard works of refer- 
ence, and which, moreover, have been universally employed 
in rectifier literature up to the present, are based on the rigor- 
ous analysis of the rectifier problem established originally by 
Dallenbach and Gerecke in their classic paper, ''The Current 
and Voltage Eelations of the Mercury-arc Rectifier,'’ published 
in 1924.* Unfortunately this analysis admits of none of the 
simplicity of treatment associated with conventional vector 
and circle diagrams. The theory of arc rectification has con- 
sequently remained a closed book except to the rectifier expert 
and, possibly, to the inquiring engineer with a flair for mathe- 
matics. 

Realizing the need for a more simple and generally accept- 
able treatment of the rectifier problem, the author some years 
ago developed a method of diagrammatic presentation and 
analysis which he has since found of considerable assistance 
in explaining the electrical principles involved in arc rectifica- 
tion and in evaluating the various rectifier circuit data. The 
present book has been inspired by memories of student 
days, still sufficiently vivid for the author to be able to 
appreciate the mental efforts inseparable from the complete 
understanding of new concepts. And it has been written in 
the hope that it may help materially in removing the veil of 
mystery which apparently surrounds the vapour-arc discharge 
device, as well in its practical applications as in the theory of 
its operation ; and that, in so doing, it may succeed in laying 


Archiv filr Elektrotechnik^ Vol. 14, pp. 171-246. 
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bare to the student an apparatus which bids fair to revolu- 
tionize our electrical engineering practice in many important 
respects. 

After a short introductory chapter dealing with the his- 
torical evolution of the mercury-arc rectifier and a chapter on 
the physical principles underlying its operation, a considerable 
portion of the book is devoted to rectifier circuit theory, use 
being made of this new method of treatment in calculating the 
vital transformer data. A liberally illustrated chapter on 
modern practice in the construction of both glass-bulb and 
steel-tank rectifier equipments completes the first part of the 
book. 

Subsequent chapters deal with the physics of grid- 
controlled vapour-arc discharge devices, with the theoretical 
principles involved in grid control, and with the several applica- 
tions of grid-controlled rectifiers and mercury- vapour valves. 
Final chapters are devoted to the generation of harmonics by 
the mercury-arc rectifier and the bearing this has on the power- 
factor problem, and to the calculation of the principal design 
data in the case of two typical rectifier installations. The book 
concludes with a chapter descriptive of the latest British prac- 
tice in the design and equipment of static convertor sub- 
stations, as exemplified by several recent installations of recti- 
fier plant in this country. Although the buUi of the text is 
taken from earlier papers and articles by the author, certain 
material has been derived from papers which have appeared 
in various technical journals during the last few years. In each 
case due acknowledgment is given in the form of a short 
bibliography at the end of the chapter concerned. 

A word or two about labels. Exception may be taken to 
the title ''Mercury-arc Current Convertors,” and this perhaps 
requires some elucidation. In view of certain shortcomings in 
the terminology appropriate to arc rectifiers and kindred dis- 
charge devices, the author has found it expedient in places to 
borrow from the German, a language singularly rich in pithy 
terms and descriptive phraseology, especially where technical 
writing is concerned. The terminology first suggested by Dr. 
Wechmann has accordingly been adopted throughout the book. 
A "cxxrrent convertor” (stromrichter) is thus a device for con- 
verting alternating to direct current or vice versa, or for con- 
verting alternating current of one frequency into alternating 
current of another frequency. This general term then includes 
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the more specific terms; “rectifier” {gUichrichter), “invertor” 
{wedisdrichter), and “ cycloconvertor ” {umrichter). 

Care has been taken in selecting the illustrations for the book 
to ensure that British practice is predominantly represented ; 
and it is hoped that the photographs and descriptions of such 
rectifier plant contained in Chapters VII and XVI will enable 
the reader to gain a general idea of our modern rectifier tech- 
nique. It should be remembered in this connection that, with 
one notable exception, the development of the all-British 
rectifier began less than five years ago. For all information of 
this kind the author is indebted to the several rectifier manu- 
facturers in Great Britain ; in particular to the British Thom- 
son-Houston Co., Messrs. Bruce Peebles & Co., the English 
Electric Co., the General Electric Co., and the Hewittic 
Electric Co. 

Edgbaston. 

February, 1935 . 


H. RISSIK. 
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PART I-RECTIFIOATION 

CHAPTER I 

THE EVOLUTION OF THE MERCUEY-ARC RECTIFIER 

Early Developments. The mercury-arc rectifier in its present 
form is the direct outcome of the invention of the mercury- 
vapour lamp towards the end of the nineteenth century, whilst 
the rather unusual design which characterizes this type of 
electrical apparatus is a natural consequence of the develop- 
ment it has undergone since the rectifying properties of these 
early vapour lamps were first observed. 

The physical principles underlying the behaviour of the 
mercury-arc rectifier would seem to have been recognized in 
the first place by Jemin and Meneuvrier, who, in 1882, gave an 
account of the property of an electric arc established between 
mercury and carbon electrodes, by which the current would 
flow in one direction only. Some time later, in 1889, and a year 
or two before Arons constructed his first mercury- vapour lamp, 
Fleming made a general investigation of the unilateral con- 
ductivity of the electric arc in air. Later still, in 1894 and 1898, 
Sahulka described the results of similar investigations with 
respect to atmospheric arcs established between mercury and 
iron or carbon electrodes. 

In the course of all these early experiments, however, no 
thought was as yet being given to questions of practical appli- 
cation. A prerequisite to any development in this direction 
was the enclosure of the mercury arc in an evacuated vessel, 
exemplified by Arons’s mercury-vapour lamps (1890-1892). In 
this way only could anything like a reasonable efficiency be 
obtained with apparatus of this nature. But it was not imtil 
Cooper-Hewitt took up the manufacture of mercury-vapour 
lamps on a commercial scale that a rectifier, operating on the 

1 
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unidirectional principle of the mercury arc, began to emerge as 
the nineteenth century drew to a close. It is notew-^orthy that 
he not only evolved the basic forms of the rectifier bulb in the 
case of the glass type of mercury-arc rectifier, but that, in 
addition, he established the lines along which the steel-tank 
rectifier was later to develop. And what seems more remark- 
able still, considering that electro-physics was at that time yet 
in its infancy, is the fact that Cooper-Hewitt even indicated 
the possibility of controlling the arc by means of a third elec- 
trode, or grid, situated in the discharge path between anode and 
cathode ; and that, in so doing, he foreshadowed the applica- 
tion of grid-control to achieve voltage regulation of the rectifier. 

The Glass-bulb Rectifier. In the initial stages of its evolu- 
tion from the mercury-vapour lamp, the glass rectifier was 
successfully manufactured in small sizes only, and thus had a 
very limited application, in spite of its great advantage — that 
its functioning is inherently static. The limiting feature in the 
design of these early glass-bulb rectifiers was the means of 
conducting the current to the anodes and cathode in a durable 
and air-tight manner. As time passed, however, and more 
experience was gained in the construction of these rectifiers, 
rapid strides were made as well in the development of metal- 
to-glass vacuum seals as in the manufacture of a glass which 
could withstand the extreme temperature differences associated 
with commercial apparatus embodying this new system of 
rectification. As the result, glass-bulb rectifiers capable of 
carrying 100 amperes and more were constructed by several 
manufacturers in the years immediately preceding the Great 
War. But an entirely fresh difficulty was encountered when the 
endeavour was made still further to increase the current out- 
put from individual rectifier bulbs and especially when, at the 
same time, it was attempted to attain higher output voltages. 
It was found that under more extreme conditions of load 
and/or voltage a sudden failure of the valve action would take 
place at one or more of the rectifier anodes, a phenomenon 
generally referred to as “backfiring’’ or “arcing back.” 
Although it was soon recognized that the general reason 
for this peculiar failure of the unidirectional property of the 
mercury arc between electrodes in vacuo was of a physical 
nature, the origin of the phenomenon itself remained obscure 
until the researches of Langmuir, Giintherschulze, and, more 
recently, of von Issendorff established that its occurrence is 
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a function primarily of the vapour-pressure in the rectifier and 
the operating voltage, and that it also depends on the presence 
of impurities in the anode and cathode materials as well as 
of foreign gases in the rectifier bulb. In modern glass-bulb 
rectifiers the two latter factors have become relatively un- 
important by reason of the use of chemically pure mercury 
and electro-graphite, and of the perfecting of means for 
baking-out the rectifier during the final stages of evacua- 
tion. Nowadays, therefore, the question of increased output 
is almost entirely one of efficient cool- 
ing of the rectifier bulb and also, of 
course, of glass-blowing technique. It 
would appear that the limiting out- 
put for a reliable glass-bulb rectifier 
is at present in the neighbourhood of 
500 amperes direct current at pressures 
not exceeding about 500 or 600 volts. 

The Steel-tant Rectifier. It is be- 
cause of this limitation inherent in the 
glass-bulb design that the steel-tank 
type of mercury-arc rectifier has per- 
force been developed for current out- 
puts above 500 to 750 amperes, when Fig. l. The First Design 
it commences to be an economical pro- 

position. But it must not be thought, Rectifier (Cooper- 
therefore, that the advent of the steel- Hewitt, 1908) 

tank rectifier is of comparatively 

recent date only. On the contrary, soon after the first few 
commercial rectifiers of the glass type made their appear- 
ance the desire arose to replace the glass bulbs, brittle and 
limited in output as these were, by a more robust form of 
rectifier vessel such as a metal container for example. As 
already mentioned, Cooper-Hewitt was among the first to take 
up the general problem of designing a metal-clad rectifier ; and 
Fig. 1, taken from a patent* specification which appeared as 
early p,s 1908, illustrates his first attempt at reaching a solu- 
tion. ^This particular design is noteworthy in that it recog- 
nized the fact that an electric arc established between insu- 
lated electrodes, and in an atmosphere of mercury vapour at 
low pressure, is unimpeded by any metal surfaces surrounding 
it — a principle which holds good to this day. The arrangement 

* Amer, Pat. No. 1,007,694, granted in 1911. 
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illustrated in Fig. 1* consisted mainly of a system of pipes 
into which, the anodes and cathodes were inserted through 
ground porcelain sealing joints having conical surfaces. 

The construction of water-cooled, metal-clad rectifiers on 
the lines laid down by Cooper-Hewitt was first undertaken in 
America by the General Electric and Westinghouse Companies, 
and Fig. 2* depicts a steel-tank rectifier built by the latter 
firm in 1910. The strong influence exercised upon these early 
designs by the glass-bulb type of rectifier, which was by then 
well established, is evident from this illustration. In Europe, 
Bela Schafer was working along somewhat similar lines at the 



Fig, 2. Eaiudy Design for Stbel>tank Rectifier 
(Westinghouse Electric Co. 1910) 


same time, but independently of these American developments, 
until in 1910 he introduced a successful designf of metal-clad 
rectifier which broke away from the hitherto accepted practice 
of construction and was the forerunner of the modern steel- 
tank type of mercury-arc rectifier. He appears to have been 
the first to recognize that the special dome of large surface area 
for condensing the mercury vapour which, due to the poor 
heat conductivity of glass, is an essential feature of the glass- 
bulb rectifier, could be dispensed with where the rectifier 
vessel is of metal throughout ; and that the anodes need there- 
fore no longer be confined in special arms protruding from the 
base of the condensing chamber, but might be arranged inside 
the rectifier vessel proper. Subsequent development of this 

♦ The iUustrations Figs. 1 and 2 have been taken from K. E. Muller-Lubeck’s 
Quechsilberdampf-Gleichrichter, published by Messrs. Julius Springer, to whom 
the auth.or is indebted for permission to reproduce them. 

t Vide E.T.Z., 1911. Vol. 32, p. 2: 
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design of steel-tank rectifier on a commercial scale was under- 
taken by Brown-Boveri et Cie, who, in 1911, supplied what 
may be considered as the first complete converting installa- 
tion incorporating a rectifier of this type. Shortly afterwards, 
in 1912, the Allgemeine Elektrizitats-Gesellschaft took up the 
production of steel-tank rectifiers on the basis of the American 



Fig. 3. A Modern Design oe Steel-tank Rectifier 
A.E.Q, Co, 


design already established by the General Electric Co., and 
which, incidentally, allowed of units having outputs of 600 to 
700 amperes direct current at 1 200 and even 2 400 volts being 
built successfully as early as 1913. Soon after the Great War, 
however, the A.E.G. abandoned this method of construction in 
favour of that introduced by Ejramer, which has remained 
practically unchanged to this day. The new design, illustrated 
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in Fig. 3, consisted in the main of two conical vessels welded 
together at an horizontal joint and completely enclosed by a 
cooling-water tank through the cover of which the anode arms 
projected, the latter being welded into the upper vessel. A 
modified form of this design is now followed by the General 
Electric Co. in America. 

During the War years, the Siemens-Schuckert-Werke also 
commenced the manufacture of steel-tank rectifiers, but on 
quite independent lines. The successful design which was 
eventually adopted by this concern, and for whose develop- 
ment Schenkel was primarily responsible, represented a radical 
departure from the hitherto accepted practice in steel-tank 
rectifier construction in that a special water-cooling system 
was provided inside the arc chamber or rectifier vessel proper 
(Fig. 4). In the course of time other continental firms, realiz- 
ing the many advantages of static over rotating converting 
plant for heavy-duty service, began to interest themselves in 
the manufacture of steel-tank rectifiers. So that in recent years 
several electrical manufacturers, other than the three leading 
makers already mentioned, have also been producing steel- 
tank rectifiers on the Continent : notably, A.S.E.A. in Sweden, 
Bergmann in Germany, A.C.E.C. in France, and C.K.D. in 
Czechoslovakia. 

Compared with the rapid progress made on the Continent 
in the application of mercury-arc rectifiers, at any rate as 
regards those of the steel-tank type, development in Great 
Britain has been relatively slow. This is to be attributed not 
so much to any innate conservatism on the part of British 
engineers, but rather to the fact that the rotary convertor has 
reached a higher standard of perfection in this country than 
on the Continent. It is also to be remembered that the reputa- 
tion of the steel-tank rectifier suffered in consequence of the 
rather reckless claims that were advanced for it on its being 
first introduced into this country, claims which, moreover, 
were not substantiated later. So that British manufacturers of 
rotary convertors, who quite naturally would not view with 
equanimity a competitive introduction of continental steel- 
tank rectifiers, were enabled with good reason to discredit the 
new converting plant in the eyes of prospective customers. 
However, the prejudice thus formed against the rectifier by 
engineering opinion in this country has by now been lived 
down, and during the last few years several British firms have 
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taken up its commercial production. The first of these to 
manufacture a successful steel-tanh rectifier was the British 
Thomson-Houston Co., who, at the end of 1930, supplied a 
1 500-kW 615-volt unit to the London Underground Eailways 



Fig. 4. Another Recent Design of Steel-tank Rectifier 
Siemms-Schuckert -Werkc 


—the first all-British steel-tank rectifier to be put into com- 
mercial service, vide Frontispiece. During 1931 both the General 
Electric Co. and Bruce-Peebles & Co. commenced the regular 
production of steel-tank rectifiers, followed by the English 
Electric Co. early in 1932. 

Grid Control oi the Mercury-arc Rectifier, The possibility of 
controlling the current arc in a mercury- vapour rectifier by 
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means of grids, situated in the discharge path between the 
anodes and the cathode, had already been recognized by 
Cooper-Hewitt, and as early as 1903 he even indicated the 
possibility of applying potential impulses to these grids in such 
a manner that the instant at which the arc discharge took 
place could be altered as desired. Later, in 1914, Langmuir 
showed how to control the time of starting of the current arc 
in a thyratron tube* in such a way that the average value of 
the current through the valve could be varied at will, using a 
steady grid potential of variable magnitude. A much improved 
method of control was put forward by Toulon, in 1924, who 
employed an alternating grid potential of the same frequency . 
as the anode voltage, but variable in phase. This system of/ 
grid control is probably the most commonly employed at the* 
present time. An alternative method of control having the' 
same effect was developed by Mittag in 1925, and made use 
of an alternating grid potential superimposed upon a steady 
bias potential, the latter being variable in magnitude and its 
value being either positive or negative (with respect to the 
cathode) as required. 

However, the first practical mercury-arc rectifier incor- 
porating control grids appears to have been developed by 
Langmuir and Prince in 1928. f This was a small unit of the 
glass-bulb type. The application of grid control to steel-tank 
rectifiers was undertaken shortly afterwards by Brown-Boveri 
et Cie., and by both the Siemens-Schuckert-Werke and the 
A.E.G. at about the same time. On the occasion of the Second 
World Power Conference, held in Berlin in the summer of 
1930, all three firms took the opportunity of staging in their 
works and laboratories comprehensive displays illustrative of 
this most recent development in rectifier tecluiique. A review 
of these expositions appeared in several of the leading technical 
journals on the Continent towards the end of 1930. 

The first general account of the grid-controlled rectifier to 
be given in the British technical Press was contained in an 
article by the author dealing with recent developments in the 
application of mercury-arc rectifiers to heavy-duty work, and 
published in the Electrical Review^ some four years ago. Prom 

* A three-eiectrode valve operating with mercury vapour and employing 
either a directly or indirectly heated solid cathode. 

t Vide General Electric Review^ 1928, Vol. 31, p. 347; and 1929, VoL 32. 
p. 213. 

I Electrical Review j 1931, Vol. 108, p. 991, 
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about this time onwards, rectifier manufacturers in Great 
Britain began seriously to consider the possibilities opened up 
by grid control, although it would seem that the English 
Electric Co. were largely responsible for the pioneer work in 
the direction of its general application to the mercury-arc 
rectifier in this country. In fact, it was not until this firm 
held an exhibition in its principal works towards the end 
of 1932, of which the leading feature was a demonstration of 
the possible applications of grid-controlled rectifiers, and of 
which details were published in the technical Press at the time, 
that British engineering circles became fully aware of a develop- 
ment that has already considerably widened the scope of 
static converting plant and which, moreover, contains the 
elements of a revolution in electrical engineering practice. 

As the result of this awakened interest and the subsequent 
demand which it has created for rectifier equipment for all 
kinds of service, rectification technique in this country has 
forged ahead rapidly during the last three years. To-day the 
British mercury-arc rectifier is fully the equal, if in some 
respects not actually the superior, of the continental product. 



CHAPTER II 

THE PHYSICAL PRINCIPLES UNDERLYING ARC 
RECTIFICATION 

Fundamental Principles. The function of a rectifier is to trans- 
mute electrical energy from the alternating-current to the 
direct-current form. In the mercury-arc rectifier this trans- 
mutation of energy takes place as a direct process, because 
such apparatus is, in the last analysis, simply a switching 
device, the moving element being represented by a current 
arc in vacuo. 

Mercury-arc rectifier equipment thus differs fundamentally 
from rotating converting plant, in which the change in form 
of the electrical energy is accomplished by a process of con- 
version involving the transfer of power either mechanically or 
by electro-dynamic action, or by both means, from the alter- 
nating-current side to the direct-current side of the apparatus. 
This fcndamental distinction in principle between the mercury- 
arc rectifier and the rotating convertor or, in other words, 
between the processes of rectification and conversion, is fre- 
quently overlooked when considering the practical applica- 
tions of both types of plant. But it is important because it 
leads, for example, to the rating of such rectifying apparatus 
being based almost entirely on its current-carrying capacity 
alone, largely irrespective of the operating voltage ; that is to 
say, the power output of a given size of rectifier unit is, within 
limits, proportional to the output voltage. 

Reference has already been made in the previous chapter 
to the investigations conducted by Fleming in 1889 as the 
result of a phenomenon observed some years previously in 
connection with the carbon filament lamp, and known after 
its discoverer as the “Edison effect.” During the course of 
these investigations he established the unilateral conductivity 
of the electric arc, and his experiment to demonstrate this 
phenomenon is illustrated by Fig. 5.* An arc maintained 
between two ordinary carbon electrodes was deflected by 

* This illustration has been kindly furnished by Sir Ambrose Fleming, 
and is taken from his paper on “Problems in the Physics of the Electric 
Lamp,” read before the Royal Institution of Great Britain on 14th February. 
1890. 
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means of a magnet so as to come into contact with a third 
electrode, also of carbon. On connecting a battery and galva- 
nometer between the negative carbon and this third electrode, 
it was found that the galvanometer was deflected only when 
the negative carbon was in connection with the negative pole 
of the battery. No deflection was observed when the negative 
carbon was connected to the positive pole. This experiment 



Fig. 5. Fleming’s Experiment Demonstrating the Unilateral 
Conductivity op the Electric Arc 


went to show that the electric arc would allow current to pass 
in one direction only. And, as Fleming himself expressed it at 
the time — 

Negative electricity can pass along the flame-like projection of 
the arc from the hot negative carbon to the cooler third carbon, 
but not in the opposite direction. 

In modern parlance, the above phenomenon illustrates the 
principle that electrons emitted from a cathode are attracted 
towards an anode at suitable potential, thereby permitting 
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current to flow between tkem. When the cathode and anode 
are placed in a vacuum the electron emission is greatly en- 
hanced, much as if the extraction of the air largely removed 
resistance to the motion of the electrons. At the same time, 
the state of vacuum necessitates a large potential difference 
between anode and cathode to drive the electrons across the 
intervening space, because the accumulation of electrons there 
produces a negative space-charge which tends to impede the 
emission of further electrons from the cathode. The presence 
of a rarefied gas which is readily ionized assists in neutralizing 
this space-charge, thereby reducing the potential difference 
required to cause cxirrent to flow between anode and cathode. 
In this respect, mercury vapour has the advantage that the 
necessary potential difference is only so 20 to 30 volts. 

The most important advantage arising from the use of 
mercury as a cathode is that it is liquid at ordinary tempera- 
tures. In the majority of vacuum rectifiers, employing a solid 
cathode heated to incandescence by external means, the 
material is permanently removed from the cathode surface, 
ultimately destroying its utility, and accumulates in an ever- 
increasing layer on the walls of the vacuum chamber. In the 
mercury-arc rectifier, on the other hand, the incandescent 
portion of the cathode is continually replenished, and the 
initial charge of mercury lasts indefinitely. The heat generated 
by the passage of the rectifier current through the mercury 
surface causes a stream of mercury vapour to be projected 
upwards into the vacuum chamber, where it is condensed by 
appropriate cooling arrangements and led back to the cathode. 

The mercury-arc rectifier thus consists principally of an 
air-tight chamber, under vacuum, containing one or more 
solid anodes situated above a cathode of liquid mercury; 
whilst the basis of its operation is simply that characteristic 
of the electric arc which permits current to flow in one direc- 
tion only, namely, from anode to cathode. 

Electron Theory. The physical behaviour of the mercury- 
arc rectifier, which has only become fully understood in com- 
paratively recent times, is closely allied to that of the vacuum 
rectifier or diode', so that any explanation, however brief or 
elementary, of the physics of arc rectification can only com- 
mence with a general account of the electron discharge and 
the reasons underlying its valve action. 

According to the present theory, the atom — the smallest 
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known particle of matter — consists of a positively charged 
core or nucleus around which revolve one or more negatively- 
charged particles, called electrons. The electrons are held in 
their orbits by the positive charge of the nucleus, the force of 
attraction and the number of electrons varying with the differ- 
ent elements. At a high temperature, or under the influence 
of an electric field, the force of attraction between the electrons 
and the positive nucleus around which they revolve can be 
overcome, and the electrons liberated. The facility with which 
an electron may be dislodged from its orbit and thus dis- 
sociated from the atom depends on several factors — ^pressure, 
temperature, the strength of the electric field, and the struc- 
ture of the atom. An atom from which an electron has been 
removed carries an excess of positive charge and is termed a 
positive ion. Similarly, an atom which has acquired an extra 
electron carries an excess of negative charge and is called a 
negative ion. The process by which electrons are dissociated 
from atoms is known as ionization, and the atoms are said to 
be ionized. If an electron, while moving at high speed under 
the influence of an electric field (such as that existing between 
two electrodes at opposite potentials), collides with a neutral 
atom or molecule of gas or vapour, it may liberate an electron 
by the impact of the collision. This phenomenon is known as 
ionization by collision. 

The atom from which an electron has been thus liberated 
becomes, as the result, a positive ion, and consequently moves 
in a direction opposed to that of the electron flow. Electrons, 
being negatively charged particles, travel from a negative 
electrode, or cathode, towards a positive electrode, or anode', 
hence positive ions travel from anode to cathode. The com- 
bined movement of electrons and positive ions constitutes a 
flow of electric current between the electrodes. In accordance 
with convention, we consider the direction of flow to be 
from anode to cathode, as if the current were carried solely 
by the positive ions. In actual fact, however, practically the 
entire current in a mercury-arc rectifier is carried by the 
electrons streaming from cathode to anode. This is accounted 
for by the fact that the electrons travel at a very much higher 
speed than the ions, due, in turn, to the fact that the mass of 
an electron is very much smaller than that of a positive ion, 
the ratio being approximately 1 to 400 000 in the case of 
mercury. j / 
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The Electron Discharge. Of the several ways in which a 
negative electrode, or cathode, may be made to emit electrons, 
the most important from the point of view of rectification 
consists in raising its temperature to a sufficiently high value, 
This phenomenon is known as thermionic emission. If the 
cathode consists of a material in which the electrons are loosely 
bound to the nuclei, the electrons are more readily dissociated ; 
whilst if the cathode is placed in a vessel evacuated to a high 
degree, the electrons can travel without encountering much 
resistance and their emission is thus greatly enhanced. 

In the vacuum valve {diode), or thermionic rectifier — to give 
it the name by which it is more generally known — a cold 
electrode, the anode, is placed in proximity to the heated 
cathode. If an alternating voltage be applied between the 
two, then electrons will travel across the intervening space 
only during that half of the voltage cycle in which the anode 
potential is positive with respect to the cathode. This period 
is called the conducting or permeable half-cycle of anode voltage. 
During that half of the voltage cycle in which the anode 
potential is negative with respect to the cathode, the electrons 
are repelled, and are prevented from reaching the anode. This 
period is correspondingly referred to as the non-conducting 
or impermeable half -cycle of anode voltage. It is this uni- 
directional property of the electron discharge which has 
caused the name of ''valve” to be applied to such rectifying 
apparatus. 

The Arc Discharge. With arc rectifiers, in which the cur- 

earned not by electrons but by positive ions as 

of electrons is characterized by what is 
known & the cathode spot — an incandescent spot on the sur- 
face of the cathode at which particles of the cathode material 
are vaporized and are ejected with a very high velocity. In 
the case of the mercury-arc rectifier, the velocity of the mercury- 
vapour stream emanating from the cathode is of the order of 
second, or about 450 miles per hour. There is 
some uncertainty as to the temperature of the cathode spot 
itself. It is probably in the neighbourhood of 600° C., the 
current density being about 4 000 A per sq. cm., or 25 000 A 
per sq. in. The brilhancy of this spot appears to be due to a 
luminous curtain or cloud of incandescent mercury vapour 
close to and immediately above it, and having a temperature 
of approximately 2 000° C. 
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The mercury vapour molecules are highly ionized by colli- 
sion with the electrons emitted from the cathode. The positive 
ions thus formed fall upon the cathode spot and by their con- 
tinuous bombardment maintain its temperature at the high 
value corresponding to the incandescent state. At the same 
time, the presence of these positive ions above the cathode 
surface creates a positive space-charge there, which withdraws 
electrons from the mercury. 

Arc Drop. The electrons emitted and withdrawn from the 
cathode, together with any electrons liberated as a result of 
ionization of the mercury vapour by collision, will travel to- 
wards an anode, provided its potential is some 20 to 30 volts 
positive with respect to the cathode. This voltage, generally 
known as the arc drop of the rectifier, represents energy lost 
in the arc and at the cathode and anode. The total drop 
actually comprises the drop at the surface of the cathode, the 
drop in the arc proper, and the drop at the surface of the anode. 
Of these, the cathode drop appears to be constant for all types 
of mercury-arc rectifier and practically independent of the 
load. It has an average value of about 7 volts, and repre- 
sents energy which is consumed in liberating electrons from 
the cathode and in evaporating mercury. The voltage drop in 
the arc itself has a value of from 0*05 to 0-2 volts per centi- 
metre, that is, in the neighbourhood of one-quarter of a volt 
per inch. This voltage drop represents energy spent in ioniza- 
tion of mercury vapour in the arc path by collision, and varies 
with the current output and temperature of the rectifier. The 
anode drop amounts to about 5 volts and is sensibly inde- 
pendent of the anode temperature, but varies with the material 
and configuration of the anode. It represents energy used up 
in overcoming the electric field in the vicinity of the anode 
(due to electrons crowding round the anode and bombarding 
the surface), which energy is dissipated as heat. The anode 
temperature is about the same as that of the cathode spot, 
namely, 500® to 700° C. ; whilst the temperature of the arc has 
variously been estimated at from 1 000° to 10 000° C. 

Ignition and Excitation. A characteristic feature of all arc 
rectifying devices is that the cathode spot has to be initiated 
by external means before an arc can be established. The 
initiation of a current arc in the rectifier is termed ignition, 
and is usually accomplished by drawing a small auxiliary 
arc between the cathode and an ignition electrode specially 

3— (T.6) 
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provided for this purpose. Furthermore, the independent exist- 
ence of an arc, and therefore of the cathode spot, assumes in 
advance that the arc current does not fall below a certain 
minimum value necessary to maintain the temperature of the 
cathode spot. This critical value is normally about 3 amperes, 
but depends on the rectifier temperature and on the area of the 
cathode. In small rectifiers it may be as low as 1 ampere, while 
in the case of a large rectifier under cold conditions of operation 
it may reach as much as 10 amperes. In order to prevent the 
cathode spot from becoming extinguished at no-load, a small arc, 
called the excitation arc^ is continuously maintained between 
the cathode and one or more auxiliary electrodes, known as 
excitation anodes. An interesting fact about such an excitation 
arc is that it enables the main anodes of the rectifier to deliver 
currents of very low magnitude, even as low as those required 
by a voltmeter. 



CHAPTER III 


THE FUNDAMENTAL MECHANISM OP ARC 
RECTEETCATION 

The Meaning of Rectihcation. In applying the rectifying pro- 
perty of the arc discharge to the practical conversion of alter- 
nating to direct current, use is made of the commutation prin- 
ciple, which is the basis of so many electrical machines. The 
mercury-arc rectifier is, so far as its practical working is con- 
cerned, nothing other than a switching device which, by effect- 
ing a regular changing over of the electrical connections between 
an alternating-current supply circuit and a direct-current load 
circuit, ensures that the voltage applied to the latter is un- 
changing in its direction. In other words, the alternating 
impulses taken from the supply are modified by the rectifier 
either in such a way that one of the two directions of pulsation 
is suppressed ; or else in such a way that every alternate im- 
pulse is reversed in direction. Rectifiers consequently deliver 
either an intermittent or a pulsating unidirectional current, 
that is, a pure direct current on which an alternating current 
is superimposed. As will be explained in a later chapter, the 
magnitude of this alternating component depends both on the 
number of rectifier phases and on the nature of the rectifier 
load. 

In the case of a single-phase alternating-current supply 
(Fig. 6), the circumstances under which rectification is effected 
are relatively easy to understand. If we imagine the rectifier 
to operate so that connection is made between terminals 1 and 
3 and between terminals 2 and 4 during one half-cycle, and 
that these connections are broken during the other half-cycle, 
then an intermittent but unidirectional current will flow from 
the alternating-current supply to the direct-current load circuit. 
Once in every cycle of alternating voltage this current will 
remain at zero value daring a half-cycle. This process of energy 
transmutation is accordingly called half-wave rectification. 
Now, a little consideration will show that a better utilization 
of the voltage cycle is obtained if the rectifier operates so that, 
during one half-cycle, connection is made between terminals 1 
and 3 and between terminals 2 and 4 ; whilst, during the other 

17 
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half-cycle, connection is made between terminals 1 and 4 and 
between terminals 2 and 3. In this way use is made of both 
half-waves of the alternating voltage ; and the modus operandi 
of such a rectifier is consequently referred to as full-wave 
rectification. But even this process is capable of improvement. 
It labours under the disadvantage that a double-pole change- 
over of connection between the alternating-current and direct- 
current circuits is necessary. This defect may be remedied, 
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Tig. 6. Fundamental Principle of Rectification 

however, by connecting a potential divider across the alter- 
nating-current supply and joining its mid-point to one pole of 
the direct-current system. 

For reasons that will be explained in a later section of the 
present chapter, potential division is in practice effected by 
the secondary winding of a transformer having its primary 
winding connected to the alternating-current supply. The 
arrangement of such a single-phase full-wave rectifier is shown 
in Fig. 7a. In this diagram the rectiflftr is represented by a 
single-pole change-over switch. Again, a little consideration 
wilL show that if the switch is thrown over from one position 
into the other at the commencement of every half-cycle, then 
a pulsating but unidirectional current will flow in the direct- 
current circuit. That this must be so is fairly evident from the 



MECHANISM OF ARC RECTIFICATION 19 

fact that, since the switch is made to move from the one posi- 
tion to the other just as rapidly as the voltage of the trans- 
former secondary changes its direction, the fulcrum is always 
connected to that half of the transformer secondary in which 
both voltage and current have positive direction. A current 
will thus continue to flow from the fulcrum of the change-over 
switch, through the direct- current circuit, back to the neutral 
point of the transformer secondary. The pole of the direct- 



Fig. 7a. Sustgle-phase Bectification 
English Electric Co, 


current system connected to the fulcrum of the change-over 
switch is thus the positive pole ; that connected to the trans- 
former neutral point is the negative pole. The voltage sup- 
plied from the rectifier is in this case a strongly pulsating one, 
varying at double frequency between zero and a maximum. 
On replacing the foregoing arrangement by a tliree-phase trans- 
former and a switch having three contact positions, a rectified 
voltage is obtained which is considerably less undulating, but 
of triple frequency. Such a three-phase rectifying arrangement 
is illustrated by Fig. 7b. In the case of a transformer having 
six secondary phases, a rectified voltage of sextuple frequency 
is obtained in which the maximum deviation from the pure 
direct form amounts to only a few per cent, as is shown in a 
general way by Fig. 7c. 

Referring to Fig. 7c, the current arc in the mercury-arc 
rectifier represents the moving switch arm, with its fulcrum 
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Fig. 7b. Three-phase Rbotifioation 
English Electric Co. 



Fig. 7c. Six-phase Rectification 
English Electric Co. 

at the cathode, whilst the fixed contacts of the switch are re- 
presented by the rectifier anodes. The latter are, of conrse, 
actually arranged in a circle above the cathode, and the cur- 
rent arc sweeps uniformly over them. The electrons emanating 
from the cathode are always directed to that anode which for 
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the moment has the highest potential. The arc is, however, 
established at this anode only during such time as its potential 
is higher than that of the remaining anodes. 

Phase Commutation. The unilateral conductivity of the cur- 
rent arc, together with the cyclic variation of successive phase 
voltages, provides an inherent and perfectly stable means of 
commutating the load current from one phase to the next. 
This process of current transfer is accordingly termed phase 
commutation. It takes place naturally, and is effected by the 
instantaneous voltage difference between the rectifier phases 
involved. 

The conditions under which phase commutation takes place 
in the mercury-arc rectifier when converting alternating to 
direct current* are conveniently illustrated by reference to 
Fig. 8, in which Ci, e^, etc., represent successive phase voltages 
(each of periodic time T) of a symmetrical _p-phase rectifier 
system. Assuming phase 1 to be carrying the load current 
during the time interval Tjp between the points 0 and P, it is 
seen that at the instant corresponding to the point A", its volt- 
age is still higher than that of phase 2 ; so that the potential 
difference (Cg — = K'H is in the direction opposed to the 

transfer of current from phase 1 to phase 2. At time t = ti^ 
corresponding to the point P, this potential difference becomes 
zero and both anodes have the same potential. Later still, at 
an instant corresponding to the point N, the potential differ- 
ence (Cg -- Cl) = M'N' is in the direction requisite to current 
transfer. Thereafter this potential difference increases, and 
then decreases until at time t = t^, corresponding to the point 
Q in the negative half-cycle of anode voltage, both anodes 
again have the same potential. Commutation of the load cur- 
rent from phase 1 to phase 2 can thus take place at any point 
in the voltage cycle between P and Q. Assuming the current 
arc to commutate instantaneously, it will naturally tend to do 
so at the earliest possible instant in the anode voltage cycle, 
namely, at time i corresponding to the point P. Phase 
commutation of this kind is often referred to as natural com- 
mutation, as distinct from forced commutation which takes 
place when the rectifier operates at reduced voltage, or as an 
invertor, by grid control (c/. Chapters X and XI). 

* Phase commutation is, as a rule, also employed to obtain inversion of 
direct to alternating current by means of the grid-controlled rectifier, i.e. 
in the case of the mercury-arc invertor. 
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Provided that the secondary winding of the rectifier trans- 
former is symmetrical, phase commutation will result in a 
corresponding symmetry of the anode currents, i.e. the inter- 
mittent currents carried by the secondary phases of the rectifier 



Fig, 8. Phase Commutation in the Mbbouby-ako Rectifier 

transforrner. Thus in the case of the ideal six -phase rectifier 
depicted in Pig. 7c, for example, each anode carries the entire 
load current of the rectifier during one-sixth of the voltage 
cycle. In practice, however, due to the reactance of the trans- 
former, a certain amount of overlap or delay in the commuta- 
tion of the current arc from one anode to the next takes place. 
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so that the load current commences to grow in any one phase 
before it has completely died away in the preceding phase. 
The significance of this characteristic rectifier phenomenon is 
discussed towards the end of the present chapter. 

Voltage Relations. From the foregoing considerations it is 
apparent, therefore, that the mercury-arc rectifier is to be 
regarded more in the nature of switchgear than of an electrical 
machine, the source of the e.m.f. being not the rectifier itself, 
but its accompanying transformer. Consequently, one would 
expect there to be a definite relation between the electrical 



quantities on the alternating-current and direct-current sides 
of the apparatus, and this is actually the case. The voltage 
and current relations can be expressed as fixed ratios deter- 
mined solely by the number of rectifier phases. And their 
evaluation in as simple a manner as possible is of the greatest 
importance to the understanding of rectifier circuit theory. 

The relation between the voltages on the input and output 
sides of the rectifier is shown diagrammatically in Fig. 9, 
relating to a theoretically perfect rectifier system having p 
phases. During every cycle each phase operates during a 
period corresponding to 27 t/p radians, or 360/^ electrical degrees. 
It is seen that the output voltage is the average value of a 
cosine wave of amplitude {V2)E between ordinates erected at 
a distance tt/^ on either side of the time-origin of the abcissae. 
Its magnitude in terms of the r.m.s. phase voltage E is, there- 
fore, given by 

V, = E .V2-^ f cos'd .de = E . V2^ sin - . 

^J-Tziv P 


( 1 ) 
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Current Relations. In the ideal case here considered, the 
rectifier delivers a pure direct current. As this output current 
is the sum total of the successive phase currents, it follows 
that the input current of each phase must have a rectangular 
wave-form. The corresponding current relations are shown 
diagrammaticaUy in Fig. 10. The conditions obtaining in 
practice are actually not much different from those illustrated 
by this diagram, for the influences tending to produce a devia^ 
tion from the rectangular wave-form tend also to give rise to 
bad voltage regulation of the rectifier as well as harmonics in 



the output voltage, and it is precisely these tendencies which 
it is desirable to avoid in practical rectifier installations. 

The rectangular phase-current wave can be resolved into its 
fundamental and harmonic components, these being all cosine 
functions of the usual form 


cos nd 

between the limits B = — tt/p and 0 == -f Trip. The amplitude 
of the nth. harmonic is thus 


1 r + 7r/7? 

an = la- - I cos nO 

J —TCjV 


dd = 


2Id 

Utt 


Utt 


Sin — 
P 


( 2 ) 


Of more importance, however, are the average and effective 
values of the input current to the rectifier. The mean value is, 
of course, Jg/p ; whilst the r.m.s. value is 7 == laly'p. Table I 
(page 34) gives these two current values for different numbers 
of rectifier phases expressed in terms of the output current 1^. 
The last line of the table shows the total r.m.s. value of all the 
harmonics given by the expression /ay'(l/p — 1/p®). 
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Utility Factor o£ the Rectifier. Having established the rela- 
tions between the respective voltages and currents on the 
alternating-current and direct-current sides of the rectifier, it 
is instructive to consider finally the corresponding relation 
between the input and output powers. 

Assuming, as before, an r.m.s. phase voltage E, a steady 
output current I a, and p rectifier phases, then the apparent 
r.m.s. volt-amperes supplied to the rectifier are given by 

P, = p.EI 

whilst the equivalent power output from the rectifier is given by 

F,.J, 

The ratio PI Pa is a measure of the degree to which the rectifier 



Fig. 11. Relation Between Utility Factor and 
Current-conducting Period 


is capable of utilizing and converting the energy supplied to it, 
and is accordingly referred to as the utility factor. Its value 
is thus 


Pa p' E ' I p’ TT 



sm — . 
P 

sin © 

• W 


Vp 


( 3 ) 


where © = Tr/p, that is, half the current-conducting period per 
phase. The relation is shown graphically in Fig. 11. It is seen 
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that the maximum degree of utiKzation is obtained with 0 
== 66° 48', corresponding to ^ = 2*69. In an actual rectifier it 
is, of course, only possible to obtain values of © = Tr/p, in which 
p is an integer. So that, for a given kVA input, the nearest 
approach to the maximum output power theoretically possible 
is obtained with simple three-phase rectification; whilst both 
single-phase and two-phase full-wave rectifiers allow of very 
nearly the same degree of utilization. 

In the following chapters, dealing with the rating of rectifier 
transformers, the importance of the utility factor in deter- 
mining the most economical arrangement of the transformer 
windings will become apparent. Suffice it to say here that, as 
may be seen from Fig. 11, the utility factor is invariably less 
than unity. The reason for this fact is to be sought in the 
difference between the input voltage and current wave-forms. 
The former is sinusoidal, whilst the latter is rectangular ; so 
that the apparent input power is of necessity greater than the 
actually converted power by an amount equal to the wattless, 
non-reactive power lost in generating the harmonics required 
so that the rectifier may deliver a pure direct current.* It 
should be noted, also, that in the simple types of rectifier 
circuit shown in Fig. 7 the currents flowing in the secondary 
windings of the transformer are identical with the input curi 
rents to the rectifier, so that the utility factor of the trans- 
former secondary is then the same as that of the rectifier itself. 
In the case of the primary winding, however, each phase is 
utilized twice in every voltage cycle. The currents flowing in 
the primary winding thus consist of rectangular blocks of cur- 
rent similar to those in the secondary winding, but only 180 
electrical degrees apart, the alternate blocks being of opposite 
sign. The heating effect of such a current will be twice that 
of a current consisting of pulses in one direction only, and the 
r.m.s. value of the primary current will therefore be times 
that of the equivalent secondary current. Consequently the 
utility factor of the primary winffing will be greater than that 
of the secondary winding by 41 per cent. 

The Effect of Transformer Eeactance. As will be explained 
in the next chapter, the method of analysis there developed, 
and subsequently adopted for evaluating the important rectifier 
transformer data, involves certain simplifying assumptions, the 
necessity for which does not detract materially from the results 

* F?:cZe Chapter XIV. 
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obtained. These assumptions have been made for two very- 
good reasons ; firstly, in order that the method might not be 
obsc-ured by the welter of mathematics inseparable from a 
rigorous treatment of the rectifier problem ; and, secondly, in 
order to reduce the actual labour of calculation. 

Of such assumptions, the most important from both these 
points of view is that which neglects the inductive effect of 
the rectifier transformer windings. By thus leaving the ques- 
tion of transformer reactance out of our calculations, it follows 
that the individual anode current waves are rectangular in 
shape. This theoretical assumption of instantaneous arc com- 
mutation from one mode to the next allows any calculations 
based upon it to be approxiniate only, although the approxima- 
tion is sufficiently close for most practical purposes. But to 
arrive at accurate values for the currents and voltages in 
rectifier circuits, it is necessary to take into account the react- 
ance of the rectifier transformer windings. Due to this react- 
ance a definite time is required for the anode current to rise 
to its full value at the start of each conducting period, and 
again to fall to zero at the end of the conducting period. As 
the result, the anode current wave is altered from the form 
shown in Fig. 12 (6) and assumes the shape as indicated by 
the full lines of Fig. 12 (c). The corresponding change in wave- 
form of the rectified voltage is shown by Fig. 12 (a). 

It is seen that anode 1 carries the full direct current I a until 
the point P in its voltage cycle is reached when the voltages 
and 62 of anodes 1 and 2 are equal, at which point anode 2 
starts to pick up the current arc. Due to the inductive effect 
of the transformer windings, the arc is not immediately trans- 
ferred, but anode 1 continues to carry current. For a short 
interval of time both anodes remain at the same potential, 
namely, the mean of Ci and 62, as shown in Fig. 12 (a). During 
this brief interval the current carried by anode 1 gradually 
falls away to zero ; whilst that carried by anode 2 increases 
similarly until, at the end of the interval, it attains the value 
I a, and anode 1 no longer carries any current. At this instant 
the voltage of anode 2 jumps from the value \{e-^ -f 63), corre- 
sponding to the point Q in Fig. 12 (a), to the full value eg, 
corresponding to the point R. 

The conditions under which this overlap of the anode cur- 
rents, as it is called, takes place are readily understood by 
considering the circuit voltages during the interval. Referring 
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to Fig. 13, at the instant corresponding to the point of inter- 
section of Cl and Cg, anodes 1 and 2 are connected simultaneously 
to the cathode, and thus together constitute an electrical con- 
nection between the corresponding phases of the transformer 
secondary, short-circuiting the difference in voltage between 
these two overlapping phases. This difference in voltage pro- 
duces an increasing short-circuit current which circulates round 


ei ez 



(co) 


(h) 


(c) 


the loop thus formed, and flows in a direction opposed to the 
direct current carried by anode 1, causing the latter to decrease. 
With reference to anode 2, however, this circulating current is 
in the same direction as the direct current, so that the current 
carried by that anode naturally increases during the interval 
of overlap. This state continues until the instantaneous value 
of the circulating current equals the direct current previously 
carried by anode 1, when the resultant current carried by that 
anode is zero and the arc is extinguished. Extinction of the 




Fia. 13 . Effect of Trajjtsfobmeb Reactance {contd.) 

period of commutation is expressed by the angle of overlap u 
indicated in Figs. 12 (6) and 13. «— 

It is evident that the most important effect of transformer 
reactance is a reduction in the output voltage from 
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The reactive voltage drop is represented by the area PQR in 
Fig. 12 {a), shown shaded in Fig. 13. During the period of 
overlap (u), the net rectified voltage is equal to the mean of 
the successive phase voltages, whilst during the remainder of 
the conducting period (2 it/p — u) it is equal to the instanta- 
neous voltage of the working phase. Eeferring to Fig. 13, and 
ta.kiri g as origin the instant corresponding to the point of 
intersection of and e^, the output voltage from the rectifier 
is therefore given by 

7^ = ■£; i(ei + 62) . & -f jT 62 . dajj 




[/ 


I cos 


7 T 

X + - 

p 


+ cos 



. dx 




/ 


COS X ] , dx 

p 




. sin - 2 ^ + sin 


= £.(SV2)[cos^.si 

= . {Ey'2) ~ (1 + “)J 


T 


sm 



= (£?V2) sin^. cos^l . (4) 

7 T p At 

Comparing this result with that of equation (1), it may be 
expressed in the form 


7<i = 7a, . cos2- (4a) 

where is the output voltage of the rectifier when the effect 
of transformer reactance is neglected, i.e. the output voltage 
at no-load. The drop in output voltage due to transformer 
reactance is thus given by 

a^=Fd„.sin2- (46) 

The relation expressed by (46) is of paramount importance in 
rectifier design and is shown in Fig. 14. 

It remains to be shown that the angle of overlap 'w; is a func- 
tion of the rectifier load, that is, of the current output 
^ As a]|gady mentioned, the current circulating round the loop 
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formed by the electrical connection of phases 1 and 2 is pro- 
duced by the instantaneous difference between the phase volt- 
ages Cl and Ca- The reactance voltage per phase during the 
period of overlap is thus 

es = 1(62 - %) = . [^cos - cos -f 


= E\/2 . sin - . sin x 
P 


( 5 ) 


If the effective reactance per secondary phase* be denoted 
by X, then the short-circuit current during the period of 
overlap will be = eJX, and will have an amplitude 
= {E^/2jX) . sin (7r/p).t As this short-circuit current is purely 
inductive, it lags 90 electrical degrees behind the short-circuit 
voltage, as shown in Fig. 13, so that 


= .sin X — — — Is • cos X 


(5a) 


During the period of overlap the anode currents and differ 
from the short-circuit current ig only by constant direct-current 
components, so that, referring to Fig. 13, we may write 

h = A —is = A + Ig. cos X ) 

and = B ^ • cos x ) ‘ * ^ ' 

The constants A and B are determined from the conditions 


that % 
and B 

^ la and ^2 = ^ when x — 0, which gives A = (la 
= Ig. Hence for 0 <x < -it we obtain 

-Is) 

and 

h = /^ — Is . (1 ~ cos x) 
i^ = Ig . (1 — cos x) 

(6a) 


The value of the angle of overlap u in terms of the circuit con- 
stants is determined from the conditions that == 0 and 
= la when x u, either of which gives 


cos ^ = 1 — “ == 


/,X 

E'\/2 . sin (tt/p) 


( 7 ) 


* I.e. the reactance due not only to the inductance of the secondary wind- 
ing itself, but also to the equivalent inductance (referred to the secondary) of 
the primary winding together with that of the alternating-current supply. 

t Strictly speaking the amplitude is not constant, but decreases expo- 
nentially on account of the inevitable resistance in the circuit. Such resistance 
effects, however, are of only secondary importance, and need not be considered 
here. 
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or, alternatively, 

. u /r I^X 1 

2 ~ V [(2^V2) . sin 

It is seen, therefore, that the angle of overlap increases with 
load: also, if the value of u given by (7a) is substituted in 
equation (46), it is found that the drop in output voltage occa- 
sioned by transformer reactance is similarly a function of the 
rectifier load, the relation in this case being linear. We there- 
fore arrive at the important conclusion that the mercury-arc 
rectifier inherently possesses a straight shunt voltage charac- 
teristic, a fact which is of considerable moment from the point 
of view of rectifier operation. 

Finally, it is necessary to determine the infiuence of the 
overlapping of the anode currents upon their r.m.s. value. In 
the first place it should be noted that the effect of reactance is 
to increase, by the angle u, the period during which each anode 
carries current, without altering either the maximum or the 
average* value of the anode current. As the result, it is to 
be expected that the effective value of the anode current is 
decreased. 

Referring again to Fig. 13, it is seen that the anode current 
consists of thi’ee parts : two parts, each extending over the 
angle u, and expressed by 

cos X — cos u : 


as derived from equations (6a) and (7) ; and a third, inter- 
mediate part of constant value 7^, extending over an angle 
— u). The r.m.s. value I of the anode current is there- 
fore given by 



= ^ - P- ■¥'(«) 


* As may be seen from Fig. 12 (c), the loss in average value represented 
by the area 2 is equal to the gain represented by the area 4. 
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so that 


where 




• V[i -iJ •¥’(“)] 


‘1 

— cos X 


— cos irY” 


— cos u ' 

u 

— cos uj ^ 


. dx 


(2 4- cos u) sin u — {I -V 2 cos u)u 
277(1 — cos'm)^ 


( 8 ) 


(9) 


For values of u between 0 and 7r/2, the function represented by 
(9) may conveniently be expressed as a series 


y){u) = 


2u 

1577 


1 + 


84 



(9a) 


As may be seen from Fig. 14, this function is almost linear 
with respect to u. 

The effect of reactance in the rectifier transformer is thus 
to reduce the r.m.s. value of the anode current by the factor 
'\/[l — ^ . 'ip{u)]. This factor is also shown in Fig. 14, plotted 
as a function of u, for 2, 3, 6 and 12 phases. 


TABLE I 

Harmonic Components op Rectangular Anode-current 
Waves in Terms of 


Number of rectifier phases 

2 

3 

4 

6 

12 

Mean value of the input current . 

0-500 

0-333 

0-250 

0-167 

0-083 

R.M.S. value of the input current 

0-707 

0-577 

0-500 

0-408 

0-289 

Amplitude of the fundamental . 

0-637 

0-552 

0-450 

0-318 

0-165 

„ ,, 2nd harmonic . 

— 

0-276 

0-318 

0-276 

0-159 

„ „ 3rd „ 

0-212 

— 

0-150 

0-212 

0-150 

M 4th „ 

— 

0-138 

— 

0-138 

0-138 

>> ,, 5th ,, 

0-127 

0-110 

0-090 

0-064 

0-123 

9 9 9 9 6th 99 

— 

— 

0-106 

— 

0-106 

99 99 7th 99 

0-091 

0-079 

0-064 

0-045 

0-088 

R.M.S. value of all harmonics 

0-600 

0-471 

0-433 

0-373 

0-276 


The Effects of Arc Drop and Transformer Resistance. Up to 

the present we have considered only the effect of transformer 
reactance, and have neglected both the arc drop in the rectifier 
and the resistance of the transformer windings. These are of 




With either star-connected or delta-connected primary winding. t Including phase equalizer{s). 
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no importance as far as limitation of current values is con- 
cerned, but they have an appreciable bearing on the output 
voltage of the rectifier. The values given by equation (4a) 
apply to the ideal case of a rectifier unit devoid of all losses. 
In practice, it is, of course, necessary to take into account the 
copper losses in the transformer as well as the arc loss in the 
rectifier itself, when calculating the net voltage delivered at 
the direct-current terminals of the rectifier unit. Consequently 
we may write 

Vd = y — Sr Sc — 6a . . . (10) 

where Sr = voltage drop due to transformer reactance, 

Sc = voltage drop due to transformer copper loss, 
and Sa = voltage drop due to the arc loss. 

Here is the no-load output voltage of the rectifier unit as 
given by equation (1). 

If Wc denote the transformer copper loss, then the drop in 
the output voltage occasioned by this loss is Sq = WJIa- 
Moreover, the voltage delivered at the direct-current terminals 
at no-load is (F^^^^ — e^), so that the overall regulation of the 
rectifier unit is 


( 11 ) 



CHAPTER IV 

RECTIFIER CIRCUIT THEORY 

In this and the following two chapters the voltage and current 
relations previously established for the rectifier circuit in its 
most elementary form are applied to practical rectifier connec- 
tions. The method of analysis here adopted allows the required 
circuit data to be evaluated in a relatively simple manner from 
diagrams which serve, at the same time, to provide an insight 
into the peculiar conditions of current-flow in the various parts 
of the circuit ; that is to say, in the different windings of the 
rectifier transformer as well as in the alternating-current sup- 
ply system. 

General Considerations. In order to reduce the problem to 
its simplest form, it is convenient, at the outset, to make the 
following basic assumptions — 

1. The rectifier output is considered to be a pure direct 
current, so that the anode currents are then of rectangular 
wave-form. 

2. The effects of transformer reactance and magnetic leak- 
age are ignored. 

3. The influences of the arc drop in the rectifier and of the 
copper loss in the transformer upon the output voltage are 
neglected. 

4. The alternating-current supply voltage is assumed to be 
sinusoidal under all conditions of rectifier loading. 

6. The magnetizing current of the rectifier transformer is 
assumed to be negligible. 

Of these assumptions, the first is the most important by far. 
It greatly simplifies the analysis, and does not detract from 
the value of the results obtained except in the case of single- 
phase rectification and, possibly, in the case of three-phase 
rectification also. In practice, of course, the current delivered 
by the rectifier is undulating, the degree of undulation depend- 
ing upon the ratio of resistance to reactance in the direct- 
current load circuit ; whilst, for a given value of this ratio, the 
undulation decreases with increase in the number of rectifier 
phases, as shown diagrammatically in Fig. 7. Consequently 
the difference between the mean and r.m.s. values of the anode 
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current due to non-linearity of the output current becomes 
appreciable only in single-phase rectifiers {p = 2) and, to a 
lesser extent, in three-phase rectifiers (^ = 3), whilst in recti- 
fiers for which ^ 4 the difference between the assumed rect- 
angular anode-current wave-form and the actual wave -form 
occurring in the case of say a pure resistance load is no longer 
noticeable. To allow for this difference, however, it is in 
practice necessary to increase the current values and kVA 
ratings for the transformer windings by 11*1 per cent for 
single-phase rectifiers, and by 1-6 per cent for three-phase 
rectifiers.* 

As far as the second assumption is concerned, the voltage 
and current values may be corrected to allow for overlapping 
of the anode currents by applying the appropriate formulae 
developed towards the end of Chapter III. As regards the 
third assumption, the output voltage may similarly be cor- 
rected so as to take into account these additional losses. The 
fourth assumption is self-evident and would appear to be 
justified in practice. At any rate, the deviations from the 
sinusoidal wave-form which arise in the supply voltage of 
large undertakings have not as yet made themselves felt in 
the sphere of rectifier operation, although it is by no means a 
foregone conclusion that this fortuitous situation will continue 
indefinitely.! The last assumption is of relatively minor im- 
portance. In any case, the effect of magnetizing current is the 
same in rectifier transformers as in ordinary power trans- 
formers. Being itself of low power factor, the magnetizing 

* The assumption of a pure direct current leads to an r.m.s. anode current 
which is 1/v^ times the output current. In the case of a resistance load, 
for which the anode-current wave is no longer a rectangle but the central 
section of a sinusoidal half-wave, the ratio becomes 

TT //_L4.± • 

p . sin V \2p 4 tu p ) 

To make allowance for this extreme case, which may sometimes be appi’oached 
very closely in practice, the r.m.s. value of the anode current must there- 
fore be multiplied by the factor 

^/p . sin (tc/p) V \2^ 4Tr p ) 

On calculation it will be found that for values of p greater than 4 this factor 
is indistinguishable from unity. 

f The effects of non-sinusoidal voltage wave-form are dealt with in a 
paper by the author entitled: “The Influence of Mercury- Arc Kectifiers 
upon the Power-Pactor of the Supply System,” and published in the 
Journal, 1933, Vol. 72. -n. 
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current reduces the power factor of the rectifier unit, par- 
ticularly at light loads. 

The following nomenclature is adopted throughout this and 
the two subsequent chapters — 


la = Mean direct current delivered by the rectifier at 
full load. 


V = Mean no-load voltage at the secondary terminals 
of the rectifier transformer, as given by equation 

Eq = Arc voltage drop in the rectifier. 

^ a) ~ Mean no-load voltage at the rectifier terminals. 

V a = Mean full-load voltage at the rectifier terminals. 

I^ = R.M.S. anode current (i.e. current flowing in 
outer stretches of the secondary winding of 
the rectifier transformer). 

E-^ = R.M.S. alternating voltage per outer stretch of 

secondary. 

1 2 — R.M.S. secondary current (i.e. current flowing in 

inner stretches of the secondary winding of the 
rectifier transformer). 

E^ —R.M.S. alternating voltage per inner stretch of 
secondary. 

p = Number of rectifier phases. 

E = R.M.S. secondary phase voltage at no-load. 

r = R.M.S. primary current at full load. 

E' = R.M.S. primary phase voltage. 

I j. = R.M.S. line current at full load. 

== R.M.S. line voltage. 

W2 = Secondary copper loading. 

= Primary copper loading. 

If = Mean kVA rating of rectifier transformer 

(= [W^i+W). 

If ^ = Line kVA or kVA input to rectifier transformer. 

W a = kW input to rectifier ( = . Id). 

U.F. == Utility factor of rectifier transformer ( = W a!^). 

= Primary distortion factor* ( = W ajW j). 


Vide Chapter XIV. 
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The principal results of the investigations contained in the 
next three chapters are collected together in Table II. 

Single-phase Full-wave Rectification. As explained at the 
commencement of Chapter III, the full-wave circuit represents 
the most efficient system of rectification in the case of a single- 
phase alternating-current supply. It is, in fact, a simple two- 
phase system, with p = 2, so that the secondary phase volt- 
age, as given by equation (1), is 


E- 


V. 


do 


2-\/2 ■ sin ( 77 / 2 ) 


Ml V. 


(12a) 


The anode (and secondary) current distribution is shown 
diagrammatically in Fig. 15 (a). During the first half-period 


(a) 








Anode and 
Secondary 
Currents. 


U T- H 


me Current. 

(R.M.S.=r) 
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Fie. 15. Single -PHASB Four-wave Rectification 

the full direct current flows from the neutral 2V to anode 1 ; 
whilst during the second half-period this current flows in the 
opposite sense, from the neutral point to anode 2. The two 
conditions are represented by the shaded areas in the diagram. 
The r.m.s. value of the anode current is thus equal to that of 
a constant current flowing for one half-cycle, and is therefore 

= • /d = 0-707J, .... (126) 

The primary current distribntion is similarly shown in Fig. 
15 (6). When current flows in phase 1 of the secondary wind- 
ing, an equivalent current flows in the primary winding. 
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Furthermore, this current must be of such magnitude and 
direction that the ampere-turns produced by it are equal and 
opposite to the secondary ampere-turns. In the other half- 
period, when current flows in phase 2 of the secondary winding, 
the equivalent primary current has the same magnitude as 
before, but reverses its direction, i.e. its value is now negative 
where before it was positive. 

The secondary winding thus carries blocks of current which 
are always directed from the neutral point to the rectifier 
anodes; whilst the primary winding carries corresponding 
blocks of current which reverse their direction in alternate 
half-cycles. In other words, the currents flowing in the secondary 
winding of a rectifier transformer are direct currents ; and those 
flowing in the primary winding are alternating currents. 

The ratio of primary to secondary phase current is EjE', 
so that the r.m.s. value of the primary current is 




V 


■( 1)2 + ( _ 1 ) 2 - 



E' 


(12c) 


As in this simple case the primary phase voltage E' is equal 
to the line voltage Ej_, the r.m.s. value of the line current — the 
distribution of -which is shown diagrammatically in Fig. 15 (c) 
— is therefore 




•( - 1)2 + ( 1 )- 




' E' 


Id • 771/ Id ■ Tpr 


E' 


(12d) 


Secoiidary Copper Loading. From Fig. 15 (a) it is seen that 
the kVA rating of the secondary winding is 


TFa = 2EI = 2-22Va„ X O-IOlIa = 1-57 ■ ■ (12e) 


Primary Copper Loading. Similarly from Fig. 15 (6) it is 
seen that the kVA rating of the primary winding is 

IF, = E'F = E' .h.^, = Id y- = Ml IF, (12/) 


A.C. Supply Loading. From Fig. 15 (c) the line kVA input is 

w, = EJ, = E'h = W.Id-^=^ • im 


As mentioned on page 38, under normal conditions of 
rectifier operation the anode current is not really rectangular, 
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but approaches more to a sinusoidal half-wave. As the result, 
the above kVA ratings have to be corrected to allow for the 
difference between its mean and r.m.s. values. The appropriate 
correction is obtained through multiplication by the factor 
1-111 ; so that the true current values and kVA ratings become 

E E 

I = 0-786/a/ I' = Tll/a • ~ I'H/c! ■ 


Ifj = l-7451Ta: W^=1'235W,; W^=1-235W^ . (m) 

Three-phase Rectification (with Star-connected Secondary). 

The three-phase half-wave circuit (Fig. 16) represents the 
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Fig. 16 . Thbee-phase Haxe-wave Rectification 
(Star Connection) 


simplest rectifier connection possible where a three-phase 
alternating-current supply is available, but there are objec- 
tions to its use in practice. On account of the half-wave 
rectification occurring in all three secondary phases, each 
primary phase can carry current during one half-cycle only, 
resulting in static magnetization of the core. Apart from this 
objectionable feature, the system can only be employed with 
a delta-connected primary winding. With star-connection on 
the primary side, when any one primary phase takes current 
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from the line, the current has to pass through the windings of 
the remaining two primary phases ; and, as current can flow 
through only one secondary phase at a time, there are no 
corresponding secondary ampere-turns to balance the ampere- 
turns of these two primary phases. The consequent unbalanc- 
ing results in a heavy unidirectional leakage flux that is detri- 
mental to the voltage regulation of the rectifier unit. 

In the case of three-phase rectification, with p = 3, the 
secondary phase voltage as given by equation (1) is 


E = 


3 ’ sin (7 t/3) 


0*855Fd^ . 


. (13a) 


The distribution of the anode (and secondary) currents is 
given in Fig. 16 (a), from which it is seen that their r.m.s. 
value is 


I = .l, = 0-511h .... (136) 

The corresponding primary current distribution is shown in 
Fig. 16 (6). The ratio of primary to secondary phase current is 
EIE', so that the r.m.s. value of the primary current is 

IW E E 

^ ‘ ’W ^ ‘ ‘ 

The distribution of the line currents, shown in Fig. 15 (c), is 
obtained from a consideration of the primary currents. For 
instance, during the first third of the voltage cycle, when cur- 
rent fiows through winding I of the delta primary, line Y 
supplies current (reckoned positive) to, whilst line R draws 
current (reckoned negative) from, this winding. From the 
diagram it is seen that the r.m.s. line current is therefore 

Secondary Copper Loading. From Fig. 16 (a) it is seen that 
the kVA rating of the secondary winding is 

= ^/ = 3 X 0-855Ftf, X 0-577/^ = 1-481F<, n {13e) 

Primary Copper Loading. Similarly, from Fig. 16 (6), the 
kVA rating of the primary winding is seen to he 

T-Fi = ZE'P = SE' X 0-5771^ . ^ = 1-48 . . (13/) 
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A.C. Supply Loading. Again, from Fig. 16 (c), the line kVA 
input is 

X 0*816/,.^= 1*21 If , . (13^) 

Here also, as with single-phase rectification, the above cur- 
rent values and kVA ratings have to be corrected so as to 
allow for non-linearity of the output direct current. In the 
case of three-phase rectification (see page 38), it is necessary 
to multiply by the factor 1-016 ; so that the corrected figures are 

E E 

I = 0-587J,; r = 0-587/, 1^ = 0-829/, . , 

If2= l-505lf,; lfi= l-505lf,; lf^=l-225lf, . (13A) 

The above simple three-phase rectifier circuit, although it is 
seldom used in practice because of the static magnetization of 
the transformer core to which it gives rise, presents several 
features of interest which become apparent on closer con- 
sideration of Fig. 16. In the first place, the currents flowing 
in the primary phases are seen to be blocks of direct current 
in exact antiphase with the corresponding secondary currents. 
This explains why the kVA ratings of both primary and 
secondary windings are the same. It also makes clear the fact 
that a star-connected primary winding cannot be employed. 
For such a connection requires that the algebraic sum of the 
individual phase currents shall be zero at every instant ; and 
an examination of Fig. 16 (6) at once reveals that this condi- 
tion is not satisfied. A further result of the asymmetrical form 
of the currents flowing in the primary phases of the rectifier 
transformer is that the line current has an r.m.s. value equal 
to \/2 times the r.m.s. value of the primary current. 

Three-phase Rectification (with Inter-star Connected Sec- 
ondary). By making use of an inter-star connected secondary 
winding (Fig. 17), the unwanted feature of static magnetiza- 
tion of the core, associated with half-wave rectification of a 
three-phase alternating-current supply, is avoided, and each 
primary phase is made to carry a full cycle of current. This 
improved modus operandi effects an economy in copper on the 
primary side, which is, however, offset by the increased copper 
loading, on the secondary side arising from the inter-star con- 
nection. As the result, the mean kVA rating of the rectifier 
transformer is reduced by only 2 per cent. 
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As before, with ^ = 3, the secondary phase voltage is 
E == 0*855 (14a) 

The distribution of the anode currents is given in Fig. 17 (a), 
from which it is seen that their r.m.s. value is 


V 


(1)2 


. I. = 0-577/. 


(146) 



Fig. 17. Three-phase Hale-wave Hectificatioh 
(Inter-star Connection) 


The corresponding secondary current distribution is shown in 
Fig. 17 {b), giving an r.m.s. value 

I, = .h = 0-5171, y ' . . . . (14c) 

Due to the interconnection of the secondary phases, the 
primary ampere-turns required to balance the secondary 
ampere-turns due to the load current are always produced by 
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currents flowing in two of the primary phases. Referring to 
Figs. 17 (a) and {b), when the load current is carried by anode 
Ij for example, the secondary ampere-turns due to the anode 
current are balanced by the primary ampere-turns produced 
by current flowing in the reverse direction in phase III of the 
primary winding ; whilst, at the same instant, the correspond- 
ing secondary ampere-turns due to the secondary current are 
balanced by primary ampere-turns produced by current flow- 
ing in phase I of the primary winding. (In this case the anode 
and secondary currents are, of course, one and the same as 
their instantaneous values are identical and equal to the load 
current carried by the working anode; whilst both currents 
persist for the same duration of time, namely, one-third of a 
cycle.) The resulting primary current distribution is given in 
Fig. 17 (c). As the primary-to-secondary current ratio is E^jE' 
= EI{y^3)E\ the r.m.s. value of the primary current is 




( - 1 )^ 


(V^)E' 


= 0-471J. 


(Ud) 


The distribution of the line currents, shown in Fig. 17 (cZ), 
is obtained from a consideration of the primaiy currents. The 
current flowing in line R, for instance, is the difference of the 
currents in phases II and I. So that, taking the line currents 
in rotation, we may write 

R = II-I ; Y = I-III ; B = III-II 


From the diagram it is evident that the r.m.s. value of the line 
current is 


'‘=y[ 


( - 1)2 + (2)2 + ( - ly 


r ^ 


1-4147, 


0-816I, . ^ 


Secondary Copper Loading. From Figs. 17 {a) and (6) it is 
seen that the kVA rating of the secondary winding is/-^ 

+ SFa/a = 6 . ^ . 0-5777, = 1-71 If, . (14/) 

Primary Copper Loading, Similarly, from Fig. 17 (c), the 
kVA rating of the primary winding is seen to be 

Ifi = ZWr = ZE' X 0-4717, . J = l-21Tf ,. . (14^) 



BEGTIFIER CIRCUIT THEORY 47 


A.C. Supply Loading. Again, from Fig. 17 (ci), the line kVA 
input is 

= (V3)EJ^ = (V3)-Ei X 0-816J, . ^ = 1-2117, . (147i) 

As before, it is necessary to multiply by tbe factor 1-016 to 
correct the current values and kVA ratings for non-linearity 
of the output direct current ; so that the corrected figures are 

I^ — 1^ = 0*587/^; /' = 0*48/^ . — 0*829 / ; 

W 2 = l*735Tf^; Tfi = 1-225 If Wj, = 1-22517^ . (14i) 


Referring to Fig. 17 (c), it is evident that at every instant 
the sum of the individual phase currents in the primary is zero. 
Hence a star-connected primary winding may be employed. 
And it will be found that its kVA rating is the same as that 
for the delta-connected winding considered above. Further- 
more, as the result of the symmetry of the primary current 
wave-form obtained with inter-star connection of the secondary 
winding, the r.m.s. value of the line current is equal to 
times that of the primary current — as is the case in an ordinary 
power transformer. 

Four-phase (Two-phase Full-wave) Rectification. The full- 
wave or quarter-phase circuit represents the most efficient 
system of rectification in the case of a two-phase alternating 
current supply.* This circuit operates as a simple four-phase 
system, with p == 4, so that the secondary phase voltage, as 
given by equation (1), is 


U 


F, 


dp 


4^2 * sin ( 77 / 4 ) 


= 0-785Fw 


(15a) 


The anode (and secondary) current distribution is shown dia- 
grammatically in Fig. 18 (a), from which 

I = . la = 0-5/, (156) 


* As mercury-arc rectifiers are generally provided with either 2, 3 or 6 
anodes the possibility may arise of having to operate a six-anode rectifier, 
or two three-anode rectifiers from a two-phase supply. In such case the 
two -phase supply should be converted to a three-phase supply by means of 
a Scott-connected power transformer, and the rectifier equipment arranged 
for six-phase operation. Alternatively, a special two/six-phase connection 
should be adopted for the rectifier transformer, such as that given on p. 176 
of Mercur^z-Arc Power Eectifiers by O. K. Marti and H. Winograd. 


3— (T.6) 
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Tte corresponding primary current distribution is given in 
Fig. 18 (6). As tke ratio of primary to secondary phase cur- 
rents is EjE', the r.m.s. value of the primary current is 




( 1)2 + ( ^ 1)2 


0-707J. 


From tlie diagram of Fig. 18 (c), giving the line current dis- 
tribution, it is seen that the r.m.s. value is 
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Fig. 18 . Two-phase FxjiiL-WAVE Reotifioation 


Secondary Copper Loading. 

Fa = 4A/Z = 4 X 0-785Fd, X 0-5J<j = 1-57 F<j 
Primary Copper Loading. 

Fi == 2E'r = 2E' X 0-707J<, . ^ = MlF,,. 
A.C. Supply Loading. 

= 2EJ^ = 2E^ X 0-7077^ . ~ = MlF^ 


(15e) 

(15/) 

(15g-) 



CHAPTER V 

RECTIFIER CIRCUIT THEORY (Contd.) 

Having dealt with the more elementary types of transformer 
connections associated with two-phase, three-phase and four- 
phase operation of the mercury-arc rectifier, consideration 
must next he given to those circuits which are the most widely 
used in commercial rectifier installations. Pronounced har- 
monic ripple on the direct-current side, as well as poor power 
factor on the alternating-current side, both militate against 
three-phase working of the rectifier. Where a three-phase alter- 
nating-current supply is available, it is, therefore, general prac- 
tice nowadays to adopt a method of transformer connection 
which enables the rectifier or rectifiers to operate on the six- 
phase system. In this way it is possible to obtain a fairly 
smooth direct-current output, in addition to comparative free- 
dom from harmonics in the alternating-current supply. 

Six-phase (Three-phase Full-wave) Rectification. The three- 
phase full-wave circuit (Pig. 19) represents the simplest trans- 
former connection possible where six-phase rectification of a 
three-phase alternating-current supply is required. In spite 
of its simphcity, however, this connection presents certain 
undesirable features which tend to restrict its application. 
Although, and unlike the half-wave circuit from which it is 
developed, it does not give rise to static magnetization of the 
transformer core, yet it can only be employed with a delta- 
connected primary winding. With star-connection on the pri- 
mary side, the mutual compensation of primary and secondary 
ampere-tmns is incomplete; and the consequent unbalancing 
results in a residual m.m.f. which is, in this case, alternating 
and of triple frequency. Moreover, this residual m.m.f. is in 
phase on all three limbs of the transformer core and thus 
generates a triple-harmonic leakage flux which is sufficiently 
strong to induce current equalizing between pairs of rectifier 
phases — a phenomenon known as 'phise. equalizing, and dealt 
with in a later section of this chapter. The effect of phase 
equalizing in this case is to split up the six-phase system into 
two three-phase systems in exact antiphase and with a com- 
mon neutral point. 
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In the case of the simple six-phase rectifier circuit employing 
a star-connected secondary winding, we have p — 6, so that 
the secondary phase voltage as given by equation (1) is 

- 0-74F. .... (16a) 
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6i/2 * sin (tt/G) 
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Fig. 19. Three-phase Full- wave Rectification 
(Star Connection) 


The distribution of the anode (and secondary) currents is 
given in Fig. 19 (a), from which it is seen that the r.m.s. 
value is 

i = . Id = 0-4081,^ 


The corresponding primary cmrent distribution is shown in 
Pig. 19 (6). The ratio of primary to secondary phase current 
is EJE', so that the r.m.s. value of the former is 


r 


V[ 


(1)^ + ( - 1)^ 
6 


1 I ^ 
J J?' 


0-5771. 


E' 


(16c) 


The distribution of the corresponding line currents, shown in 
Pig. 19 (c), is obtained by summation of the primary currents 
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in phases II and I, I and III, and III and II, due regard being 
paid to algebraic sign as determined by the phase sequence 
and the direction of current flow. From the diagram it is seen 
that their r.m.s. value is 



Secondary Copper Loading. From Fig. 19 (a) it is seen that 
the kVA rating of the secondary winding is 

Tfa = 6^/ = 6 X 0-74F^^ X 0-408/^ = I-SISTF^ . (16e) 

Primary Copper Loading. Similarly, from Fig. 19 (6), the 
kVA rating of the. primary winding is seen to be 

= 3HT = 3B' X 0-577/i . ^ = 1-285 . (16/) 


A.C. Supply Loading. Again, from Fig. 19 (c), it is seen that 
the line kVA input is 

W, = (V3W, = (V3)^l X 0-816/, . ^ = l-05lf, .(16gr) 

On comparing the above full-wave circuit with the corre- 
sponding half-wave circuit discussed in the last chapter, several 
points of interest are to be noted. In the first place the mean 
kVA rating of the transformer for six-phase operation is 
l-55Waj as compared with 1*51 for three-phase working, 
so that on the score of economy alone one might tend to favour 
the simple three-phase rectifier circuit. But a consideration of 
the power factor of the rectifier transformer, that is, the ratio 
of the input kW to the input kVA, shows the corresponding 
values to be 0-95 and 0*81. Whilst taking the reduction in 
harmonic ripple on the direct-current side into account, indi- 
cated diagrammatically in Figs. 7 (6) and (c), the advantage 
in favour of six-phase operation is further evident. 

In the second place a reference to Fig. 19 (6) indicates that, 
as in the case of the simple three-phase circuit, the algebraic 
sum of the primary phase currents at every instant in the volt- 
age cycle is not equal to zero, so that a star-connected primary 
winding cannot be employed. In fact, in the same way that 
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the primary current distribution given in Fig. 16 (6) indicates 
that with such a star-connection the residual m.m.f. is uni- 
directional in the case of the three-phase circuit, so Fig. 19 (6) 
shows that in the case of the six-phase circuit this residual 
m.m.f. is alternating; and that there are three successive mag- 
netic cycles per voltage cycle, i.e. the alternating m.m.f. is of 
triple frequency. 

A further result of this peculiar mode of operation of the 
rectifier transformer is that the line current has ah r.m.s. value 
equal to ^/2 times the r.m.s. value of the current flowing in the 
delta-connected primary winding, as was found to be the case 
with the equivalent three-phase system of rectification. 

The Six-phase Fork Circuit. The six -phase fork connection 
(Fig. 20) — or triple-star connection as it is sometimes called — 
is a development of the inter-star method of connection dis- 
cussed in the last chapter, and results in an appreciable reduc- 
tion in the mean kVA rating of the rectifier transformer. 
Although in the three-phase case the reduction was only 2 per 
cent, here, with six-phase rectification, the saving amounts to 
8| per cent. 

As before, with ^ = 6, the secondary phase voltage is 

E - 0-74F,, (17a) 

The anode current distribution is given in Fig. 20 (a) from 
which 

h = • la = 0-408/^ (176) 


The corresponding secondary current distribution is shown in 
Fig. 20 (6). In this case each secondary phase (inner stretch) 
supplies two anodes in succession per voltage cycle, so that 


V 


' { 1 ? + (ir 

6 


. 1 ^= 05771 ^ 


(17c) 


In other words, the utilization factor of the inner stretches of 
the secondary winding is ■\/2 times that of the outer stretches. 

The phase voltage-ratio, primary to secondary, is E'/Ej^ 
= E'lE^ = {■\/B)E'IE, so that the corresponding current ratio is 
(If-s/S) . (E/E'). The primary current distribution, shown in 
Fig. 20 (c), is obtained by the summation of diagrams (a) and 
(6), having due regard to algebraic sign. Considering phase I, 
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for example, tke primary ampere-turns must balance the sec- 
ondary ampere-turns due not only to the anode current (flow- 
ing in the outer stretches, 3 and 4) in the third and fourth 
phase-periods of the voltage cycle, but also to the secondary 
current (flowing in the inner stretch, 6-1) in the first and sixth 
phase periods. The latter are reckoned positive, whilst the 
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Fig. 20 . Three-phase Fxjll-wave Reotipigation 
(Fork Cohnectioh) 


former are reckoned negative. From diagram (c), therefore, 
the r.m.s. value of the primary phase currents is seen to be 




(1)2 + ( - 1)2 + ( - 1)2 + (l)a 
6 




la 


= 0-4:711a 


E. 

E' 


V3 ‘S' 

. (17d) 


The distribution of the line currents, given in Fig. 20 (d), is 
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obtained by summation of the primary phase currents, due 
regard being again paid to algebraic sign as determined by the 
phase sequence and the direction of current flow. Taking the 
line currents in rotation, we may write them : i? = II — I ; 
7 = I — III ; and 5 = III — II. From the diagram it is evi- 
dent that their r.m.s. value is 

( ^ 1)2 _)■ ( 1 ) 2 ^ ( 2)2 + ( 1)2 + ( _ 1)2 + ( _, 2 ) q 

J . i. . 

= -I = -i ■ • ■ 

Secondary Copper Loading. From Figs. 20 (a) and (6) we 
find for the kVA rating of the secondary winding 

3E 

W, = 6F1/1 + 3E,h = :^3 (2/i + h) 

= ^/3x 0-74F<j„ X (0-816 + 0-577)/, - 1-79IF, (17/) 

Primary Copper Loading. Similarly, from Fig. 20 (c), the 
kVA rating of the primary winding is found to be 

E 

PFi = 3E'I' = 3E' X 0-471/, . = 1-051F,. . (17^) 

A.C. Supply Loading. Again, from Fig. 20 [d), the line input 
kVAis 

W, = (V3)F,/,= (V3)F,X 0-816/, . ^ = 1-05 IF, . (17A) 

The mean kVA rating in the case of the fork connection is 
thus 1*42 as compared with 1*5517^ for the star connection 
— a reduction of 8^ per cent. At the same time it is seen that 
the algebraic sum of the individual phase currents in the 
primary is zero at every instant. A star-connected primary 
winding may therefore be employed instead of the delta-con- 
nected winding. Moreover, it will be found that the kVA 
rating is the same, as is also the line input kVA. As a further 
result of the symmetry of the primary current wave-form 
obtained with a fork-connected secondary, the r.m.s. value of 
the line current is equal to times that of the primary cur- 
rent — as is the case with a normal power transformer. 
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Phase-eaualizing Circuits. Up to the present we have con- 
sidered only methods of rectification in which, apart from the 
brief interval of overlap during which the current arc com- 
mutates from one anode to the next, only one anode at a time 
carries the full direct current delivered by the rectifier. But 
the poor utilization of the rectifier phases associated with 
simple rectifier circuits of this type of necessity leads to large 
and uneconomic transformers, and is therefore a disadvantage 
to be reckoned with in spite of the comparative jfreedom from 
harmonic ripple in the direct-current output which is charac- 
teristic of six-phase and, in particular, of twelve-phase rectifier 
systems. 

Rectifier circuits have consequently been developed which 
operate so that two, three, or.exen, four an odes carry_current 
simultaneously, and during a considerably greater portion of 
the voltage cycle than that obtaining ih^the case of simple 
multiple-phase rectifier circuits. Such systems function by 
means of what Is called jfhusF~efualizm^ ; that is, a process by 
which either successive phases or independent phase-groups 
are electro-magnetically coupled so. as to produce anode volt- 
ages which are more or less trapezoidal in wave-form, corre- 
sponding _to the^ combined .sinusoidal voh of the simul- 
taneously operating phas^. Rectifier circuits employing phase 
equalizing are thus characterized by the features that as many 
anodes carry current simultaneously as there are couplings 
between phases or phase-groups ; and that the output voltage 
at any instant is equal to the mean of the voltages of the 
simultaneously working phases. 

By means of phase equalizing, then, the advantage of reason- 
ably smooth output voltage resulting from phase multiplica- 
tion is obtained without the concomitant disadvantage of poor 
utility factor. By far the most convenient w’-ay of applying the 
phase-equalizing principle to a multiple-phase system consists 
in subdividing it into two or more independent systems of 
similar and symmetrical phase-groups, having each a value of 
p which is a submultiple of the total number of rectifier phases, 
and arranged so as to be displaced in phase with respect to one 
another. The neutral points of these phase-groups are then 
joined to the negative pole of the direct-current system through 
one or more special choke coils — ^known as phase equalizers — 
which are magnetized by the harmonic currents flowing in the 
individual secondary windings of the rectifier transformer, and 
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which thus produce the corresponding harmonic voltages neces- 
sary to equalize the instantaneous voltage difference between 
simultaneously operating phases. The phase equalizers also 
ensure that the direct current is divided equally between the 
several phase-groups, and that it is at all instants carried 
equally by certain phases, one from each group, working to- 
gether and in rotation. 

In the case of rectifier systems having a six-phase character, 
the most commonly employed arrangement of this type is the 
double three-phase connection with two-core phase equalizer.* 
In this arrangement the six-phase system is subdivided into 
two independent three-phase systems displaced in phase by 
180 electrical degrees, and made to operate in parallel by means 
of the phase equalizer connected between their neutral points. 
The voltage conditions obtaining in this case are illustrated by 
Fig. 21 (6), from which it is seen that the triple-frequency 
ripples in the output voltages of the two systems combine to 
produce a much smaller ripple of sextuple frequency, as is the 
case with simple six-phase rectification shown in Fig. 21 (a). 
The load current is shared equally between the two three-phase 
systems, which operate in parallel at a terminal voltage inter- 
mediate between the potentials of the two phase-groups. Each 
phase-group operates as a simple three-phase rectifier system ; 
at the same time the rectifier circuit as a whole possesses a 
six-phase character. It is seen that the output voltage V is 
that corresponding to three-phase operation and, for the same 
r.m.s. phase voltage E, is thus 13 per cent lower than in the 
case of simple six-phase working. 

The two windings of the phase equalizer are invariably 
arranged on the core in such a way that the direct currents 
flowing in them magnetize the core in opposite senses. As these 
currents are equal — each being half the total direct current 
delivered by the rectifier — ^their m.m.f.s balance, and do not 
produce any magnetization of the core. The core is magnetized 

* Generally referred to as an absorption reactance coil, although the term 
interphase transformer is also frequently used to describe this type of phase- 
equalizing device. In the author’s view the latter terno. ought to bo applied 
only to those phase -equalizing devices which directly couple adjacent phases 
of a multiple-phase rectifier system, and which thus do not involve the 
necessity of splitting up the system into several independent phase-groups. 
An example of this type of device is the so-called “current divider” (Strom- 
teiler) employed by Messrs. Siemens-Schuckert-Werke A.G., and connected 
between the secondary terminals of the rectifier transformer and the anodes 
of the rectifier. 
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only by a third-harmonic current which circulates between 
the neutral points of the three-phase systems and produces a 
corresponding third-harmonic flux which, in turn, generates 
the required phase-equalizing voltage. This circulating current 




(&) Double three-phase rectification 
Fig. 21. Voltage and Current Relations in 
Phase -EQUALIZING Circuits 


originates from the third-harmonic component inherent in the 
anbde-current rectangles pertaining to six-phase rectifier opera- 
tion (see Table I), and which are absent in the case of three- 
phase working. The triple-harmonic flux is thus actually 
generated by the difference between the two blocks of 
direct current — the anode currents corresponding to the two 
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simultaneously operating phases, in other words — ^which at 
any instant flow in the windings of the phase equalizer.* 

The phase equalizer accordingly functions simply by ab- 
sorbing’’ the third harmonic contained in successive pairs of 
simultaneously flowing anode currents, and utilizing it to 
generate a triple-frequency voltage which equalizes the instan- 
taneous potential difference between the two three-phase sys- 
tems — hence the origin of the term absorption reactance coil.” 

A little consideration will show that if the load on the 
rectifier falls below a certain minimum value — known as the 
critical or transition load, and having a value which is generally 
less than 1 per cent of full load — ^then the instantaneous differ- 
ence in magnitude between the direct currents flowing in the 
two windings of the phase equalizer is insufficient to generate 
the required triple-frequency flux, with the result that the 
phase equalizer ceases to function in the above manner. In- 
stead, it acts merely as a short-circuit connection between the 
neutral points of the two three-phase systems. The rectifier 
circuit then reverts to a simple six-phase system, and the out- 
put voltage V rises from the value 1T7JS/ to the value 1’35 jE^ 
— a rise of 15 per cent. 

This sudden rise of voltage in the no-load region is a charac- 
teristic feature of all phase-equalizing circuits ; and in cases 
where there are practical objections to it, recourse must be 
had to special means of supplying a harmonic-frequency mag- 
netizing current to the phase equalizer from some external 
source whenever the rectifier load falls below the critical value. 

From a practical point of view the phase equalizer is nothing 
other than a single-phase boosting transformer with a 1 : 1 
voltage ratio. The voltage across each of its two windings, 
being the difference between the mean potentials of both 
phase-groups and the phase voltage of one three-phase system, 
has a nearly triangular wave-form as shown in the lower 
diagram of Fig. 21 (6). Its amplitude is equal to i(y'2)£, and 
its r.m.s. value is thus approximately \V a^. Looking upon the 

For a fuller treatment of the modus op&randi of the phase equalizer the 
reader is referred to a paper by H. Jungroichl entitled : “The Phase Equalizer 
in Heavy-Duty Rectifier Installations,” and published in Wissenschapliche 
V erdffentUchungen aus dem Siemens-Konzem, 1928, Vol. 6, pp. 34:-57 (Julius 
Springer, Berlin). This paper is in its way a classic. It deals with the prin- 
ciples of phase equalizing in a manner that is both thorough and methocUcal, 
and which is at the same time sufficiently lucid to be of interest to the inquiring 
student. 
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phase equalizer as a normal two-winding transformer operating 
at the frequency of the alternating-current supply, and bear- 
ing in mind that the voltage per winding is inversely propor- 
tional to the magnetic frequency, it is seen that the equivalent 
kVA rating is 

2 X = 

that is, 8| per cent of the kW input to the rectifier. 

The double three-phase circuit has the great merit of sim- 
plicity and, as will be shown later, it has the further advantage 
of providing the best overall utilization of the rectifier trans- 
former which it is possible to achieve with six-phase rectifica- 
tion. For these reasons it is probably the most widely used 
circuit in rectifier practice at the present time. 

An alternative arrangement of phase-equalizing circuit which, 
by reducing the crest factor of the anode currents still further, 
gives an even lower specific current loading of the rectifier 
anodes — a feature of very great practical importance — is the 
triple single-phase circuit with three-core phase equalizer. In 
this arrangement the six-phase rectifier system is subdivided 
into three independent phase-groups having a single-phase 
(full-wave) character, and displaced in phase from one another 
by 120 electrical degrees. These single-phase systems are then 
made to operate in parallel by means of the three windings of 
the phase equalizer connected between their neutral points 
and the negative pole of the direct-current system. The volt- 
age conditions arising in this case are depicted in Fig. 21 (c), 
from which it is seen that the heavy double-frequency pulsa- 
tions in the output voltage waves of the three systems com- 
bine to produce the very moderate voltage ripple character- 
istic of six-phase working, and illustrated in Fig. 21 {a). The 
load current is shared equally between the single-phase systems, 
which operate in parallel at a terminal voltage that is the 
average of the potentials of the three phase-groups. Each 
phase-group operates as a single-phase full-wave rectifier 
system; whilst, on the other hand, the rectifier circuit as a 
whole possesses six-phase character. As shown by the upper 
diagrams of Fig. 21 (c), the mean output voltage is accord- 
ingly that corresponding to ^ == 2 and, for the same r.m.s. 
phase voltage E, is thus 33 per cent lower than in the case of 
simple six-phase working. 
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In this system the phase equalizer is arranged as a three- 
phase iron-cored choke coil, each of the three windings carry- 
ing one-third of the total direct current delivered by the recti- 
fier. The voltage across each winding, being the difference 
between the mean potential of the three phase-groups and the 
phase voltage of any one of them, has a principal frequency 
which is twice that of the alternating-current supply. As shown 
by the lower diagrams of Fig. 21 (c), this voltage is unsym- 
metrical and thus contains even harmonics of still higher fre- 
quency. Its r.m.s. value is approximately \V so that look- 
ing upon the phase equalizer as a normal three-winding auto- 
transformer operating at the frequency of the alternating- 
current supply, its equivalent kVA rating is 


that is, 25 per cent of the kW input to the rectifier. 

With triple single-phase rectification, therefore, the phase 
equalizer is three times as large as with double three-phase 
rectification; furthermore, it has three cores and windings 
instead of two, and it thus costs still more. This fact, together 
with a slightly lower overall utilization of the transformer as 
compared with the double three-phase arrangement, explains 
why the triple single-phase rectifier circuit has found but little 
application in practice. 

Further examples of phase-equalizing circuits are those 
possessing twelve-phase character, such as (1) the quadruple 
three-phase circuit with three two-core phase equalizers, (2) the 
triple four-phase circuit with three-core phase equalizer, and 
(3) the double six-phase circuit with two-core phase equalizer. 
These will be dealt with in the next chapter. 

The Double Three-phase Circuit. As already mentioned, the 
double three-phase circuit (Fig. 22) represents the simplest 
phase-equalizing arrangement which can be applied to six- 
phase rectification. In this case each half of the six-phase 
system operates on the three-phase principle, so that p = 3, 
and the secondary phase voltage is consequently 


E = 


_! L _ ^<^0 

3y'2 ‘ sin (tt/S) 


= 0*855F,^ . 


(18a) 


The distribution of anode (and secondary) currents is given in 
Fig. 22 (a). It is seen that each anode carries half the total 
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direct cixrrent 1^ during one-third of the voltage cycle, i.e. 
over 120 electrical degrees; and that two anodes, one from 
each phase-group, are always in operation together at any 
instant. Hence the r.m.s. value of the anode current is 




1 

2 



(186) 


The corresponding primary current distribution is given in 
Fig. 22 (6) ; and as the phase-current ratio, primary to sec- 
ondary, is EfE\ the r.m.s. primary current is 



2 • E' 





0-408/, 


E' 


(18c) 


The distribution of the line currents, shown in Fig. 22 (c), is 
obtained in the usual way from a consideration of the primary 
currents. Taking the line currents in rotation, we may write 

= r = I- III; 5 = III - II 

From the diagram it is evident that their r.m.s. value is 

I = /r ( -- 2)^ + ( - 1)^ + (1)^ + (2)^ + (1)^ + ( - i)n h E_ 

^ VL 6 

\ E E 

= -^{V2)la.Y^ = 0-7071 a. .... (18cZ) 

Secondary Copper Loading. From Fig. 22 (a) it is seen that 
the kVA rating of the secondary winding is 

Tfg = 6F7 = 6 X 0-855Fi„ X 0-289/^ = 1-48 TF,* . (18e) 

Primary Copper Loading. Similarly, from Fig. 22 (b) the 
kVA rating of the primary winding is seen to be 

= SET = 3E' X 0-408/<, . J = l-05Wa. . (ISf) 

A.C. Supply Loading. Again, from Fig. 22 (c), the line input 
kVA is equal to 

Tfj = {\/^)EJ^ = (V'S)^^ X 0-207/<i . Y = l-05Tf d (18£r) 
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Referring to Fig. 22 (6), it is evident that at every instant 
the snm of the individual phase currents in the primary wind- 
ing is zero, so that a star -connected primary winding may be 
employed. Moreover, it will be found that its kVA rating is 
exactly the same as that for the delta-connected winding con- 
sidered above. Here again, as the result of the symmetry of 
the primary current wave-form, the r.m.s. value of the line 



Fig. 22. Double-three-phase Rectification 


current is equal to times that of the primary current, in the 
case of the delta-connected winding. 

In the previous section the equivalent kVA rating of the 
phase equalizer was shown to be The mean kVA 

rating of the transformer unit as a whole is therefore 1*351^^, 
which figure represents a reduction of 6 per cent as compared 
with the six-phase fork connection, and of no less than 13 per 
cent as compared with simple six-phase rectification. At the 
same time, the specific anode loading is reduced in the ratio of 
0*289 to 0*408, that is, by 30 per cent. For these reasons the 
double three-phase method of connection is nearly always 
adopted for six-phase rectifiers. 
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The Triple Single-phase Circuit. An alternative phase- 
equalizing arrangement which can he applied to a six-phase 
rectifier system is that shown in Fig. 23. Here each of three 
single-phase groups carries one-third of the total direct current 
delivered by the rectifier system. As each phase-group operates 
as a single-phase full-wave rectifier system, with p = 2, the 
secondary phase voltage is given by 


E- 




2'\/2 ’ sin (7r/2) 


MIF, 


(19a) 


The distribution of the anode (and secondary) currents is shown 
in Fig. 23 (a), from which it is seen that each anode carries 
current during one-half of the voltage cycle, i.e. over 180 elec- 
trical degrees ; and that altogether three anodes, one from each 
phase-group, share the total direct current I ^ equally between 
them at any instant. Hence the r.m.s. value of the anode 
current is 


-A 


( 1)2 + ( 1)2 + ( 1)2 


6 



= 0*2361^ 


(196) 


The corresponding primary current distribution is shown in 
Fig. 23 (6) ; and as the ratio of primary to secondary phase 
current is EjE^ the r.m.s. value of the primary current is 


-Vi 


•( 1)2 + ( 1)2 + ( 1)2 + ( _ 1)2 + ( _ 1)2 + ( _ 1 ) 2 - 


= 0-3337s 


E' • 


Id ^ 

3 ' E' 

. (19c) 


From the diagram of Fig. 23 (c), the r.m.s. value of the line 
current is seen to be 




( 2)2 + ( 2)2 + ( _ 2)2 + ( 




1 . 

Er. 


6 


0-5441^ . 


E. 

Er. 



la E^ 

■ 3-E, 


(197) 


Secondary Copper Loading. From Fig. 23 (a) we obtain 
TFa = 6F?1 = 6 X MIF^^ X 0-236/^ = . (19e) 
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Primary Co-pper Loading. Similarly, from Fig. 23 (6) we have 


IFi = 3ZS'i' == Mi' X 0-333/,^ . J = Ml IF^ 


(19/) 


.4.(7. Supply Loading. From Fig. 23 (c), the line input kVA is 
Wr. = W^)EJ^ = (V3)-Bi X 0-644/<i . I-OSIF,* . (19g) 

I* — % — *t. 

I i 

w ^ ^ ^ — 

[Anode Be 
Secondary 
, Currents 

\(R.M.S.-Pgd>2) 




if •' ;. : cr::: Current 

\ i 


Line 

Current 


M = + 7 S=-7 WBi=+2 

Fig. 23. Tbiple Single-phase Bectification 


Referring to Fig. 23 (6), it is seen that a star-connected 
primary winding cannot be employed, because the algebraic 
sum of the individual phase currents is not equal to zero at 
every instant. This is confirmed by the fact that the ratio 
between the line and- primary currents is not y'S : 1. 

It has been shown previously that the equivalent kVA rating 
of the three-core phase equalizer, which is a necessary operating 
feature of this particular circuit, is 0-25Tf^^. Hence the mean 
kVA rating of the transformer unit as a whole is 1-59 
which represents an increase of 2^ per cent as compared even 
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with the simple six-phase delta/star connection, and of 12 per 
cent as compared with the six-phase fork connection ; and com- 
pared with the double three-phase connection, the increase in 
rating is as much as 18 per cent. For this reason the triple 
single-phase method of phase equalizing is scarcely employed 
at all, except in cases where the advantage to be gained from 
the greatly reduced specific anode loading is of practical impor- 
tance. In this case the reduction is in the ratio of 0*236 to 
0*289, representing an amount of 18 per cent. For example, a 
six-anode glass-bulb rectifier having anodes individually capable 
of carrying 100 r.m.s. amperes continuously without overheating, 
can only deliver a direct-current output of 350 A when sup- 
plied from a transformer with a double three-phase secondary 
winding ; but the same rectifier can be made to deliver 425 A 
continuously when supplied from a somewhat larger trans- 
former having a triple single-phase secondary winding. 



CHAPTER VI 

RECTIFIER CIRCUIT THEORY (Contd.) 

The preceding ehapter was devoted to those methods of trans- 
former connection giving the rectifier circuit a six-phase char- 
acter, both as regards “smoothness” of the direct-current 
output from the rectifier and with respect to harmonic dis- 
tortion of the alternating-current input to the rectifier trans- 
former. In the present chapter we shall consider certain types 
of rectifier circuit in which the process of phase multiplication 
is carried still further, so that the disturbing effects of the 
harmonics generated by the rectifier are practically negligible. 

Twelve-phase Rectification. The advantages, then, of the 
twelve-phase system of rectifier operation are twofold. In the 
first place, the output voltage is almost rectilinear, even in 
the case of a pure resistance load where the individual anode 
currents are no longer rectangles, but the centre sections of 
sinusoidal half-waves. Referring to Fig. 7 (c), for example, it 
can be shown that the maximum deviaMon of the output volt- 
age wave-form from the pure direct form amounts to approx- 
imately 6 per cent in the case of six-phase operation ; whilst 
this deviation is reduced to a mere 1| per cent when recourse 
is had to twelve-phase operation. In the second place, the 
current drawn by the rectifier unit from the alternating-current 
supply is practically sinusoidal. This feature is dealt with 
more fully in Chapter XIY. Suffice it to say here that, whereas 
in the case of six-phase operation the distortion factor* of 
the input current is 0-95, it becomes 0-99 in the case of twelve- 
phase rectification. 

The main disadvantage of the twelve-phase system of recti- 
fier operation is the poor utility factor of the transformer, a 
feature which is evident from a consideration of equation (3). 
For example, the utility factor of the rectifier phases ia the 
case of a simple six-phase system is 0-552, which already repre- 
sents a reduction of 18 per cent below the maximum possible 
value of 0-675 obtained with and in the case of a 

simple twelve-phase system this utility factor is only 0-404, 

* The ratio between the r.m.s. values of the fundamental component and 
the total line current. (Cf. Chapter XIV.) 
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representing a reduction of no less than 40 per cent below 
the maximum attainable. 

Another serious drawback of the twelve-phase system is the 
complicated nature of the transformer windings. To obtain 
twelve secondary voltage vectors, displaced in phase by 30 
electrical degrees, from a three-phase alternating-current sup- 
ply it is necessary to combine two or more windings of a basic- 
ally three-phase secondary system, at any rate if use is to be 
made of conventional three-core types of transformer. The 
constructional difficulties involved are naturally much greater 
than in the case of the six-phase fork connection discussed in 
the last chapter. But here also they are to a certain extent 
offset by an improvement in the utility factor of the trans- 
former as a whole resulting from such methods of phase- 
combination. 

In the author’s experience there is little to be said in favour 
of simple twelve-phase operation of the mercury-arc rectifier. 
It is true that many ingenious methods of phase-combination 
have from time to time been devised with the object of pro- 
curing a twelve-phase secondary connection for the rectifier 
transformer. But the majority of these connections become 
unstable with load and eventually lose their twelve-phase 
character, either through multiplicity of the secondary wind- 
ings or by reason of inherent asymmetry of the connection. 
Split-phase, composite double-star, or double-fork, as well as 
certain semi-polygonal connections are essentially asymmet- 
rical. In the case of simple fork and polygon connections, on 
the other hand, the distribution of reactance is to all intents 
and purposes symmetrical, so that these would be expected to 
retain their twelve-phase character under all conditions of 
loading. At the same time, all of the foregoing types of trans- 
former connection have one drawback in common. With simple 
twelve-phase operation of the rectifier, the voltage difference 
between successive phases during the working period becomes 
so small that the current arc frequently misses a phase, result- 
ing in a tendency towards instability of the output voltage 
and possible reversion to a six-phase operation. 

In view of the costly design and the many constructional 
difficulties encountered in such twelve-phase transformers, it 
is very difficult to see any real justification, other than that of 
comparative freedom from harmonics on the input side, for 
any departure from standard six-phase practice. As already 
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mentioned, the residual harmonics on the alternating-current 
side are of relatively small magnitude, and hence the line cur- 
rent is practically sinusoidal; and it is this feature of the 
twelve-phase rectifier, more than any other, which renders it 
superior to the six-phase rectifier. Thus it is only where the 
cumulative effect of the harmonics taken by the rectifier from 
the alternating-current supply makes itself felt, e.g. in the case 
of an extensive direct-current traction system fed solely from 
rectifier substations, that serious consideration may have to 
be given to twelve-phase working. 

The Twelve-phase Fork Circuit. The twelve-phase fork 
circuit (Fig. 24) is a development of the six-phase fork circuit 
discussed in the previous chapter, and represents the most 
economical method of phase-combination possible where simple 
twelve-phase rectification of a three-phase alternating-current 
supply is required. With this type of connection, then, each 
rectifier phase carries the full direct current during one -twelfth 
of a cycle, i.e. over 30 electrical degrees. Apart from poor 
utility factor arising from such a short period of current load- 
ing per phase, the twelve-phase fork connection has the dis- 
advantage that it can only be emplo 3 ^ed with a delta-connected 
primary winding. With star connection on the primary side, 
the balancing of secondary and primary ampere-turns is in- 
complete, resulting in a residual m.m.f. which is alternating 
and of triple frequency, as in the case of the simple six-phase 
circuit. 

Referring to the diagram of Fig. 24 (a), it is seen that the 
individual phase voltages E are obtained by combination of 
the voltages E^ and E 2 across the outer and inner stretches of 
the secondary windings arranged on the three limbs of the 
transformer core ; and that the relation between these several 
voltages is given by 

E Ej^ _ E 2 

sin 120° ~ sin 15° ” sin 45° 

from which 


E sin 15° 
"" sin 120° 


and 


E,. 


E . sin 45° 
sin 120° 


E{V^ _ 1 ) _2 

2^2 • 


= 0-298^ 


E 

V2 


V3 


= 0-816JS7 


(20a) 


( 206 ) 
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In the case of simple twelve-phase rectification, with 55 = 12, 
the secondary phase voltage as given by equation (1) is 


E- 


V, 


do 


12^/2 ’ sin (77-/12) 


== 0-715F,j„ 


(20c) 


The distribution of the anode currents is given in Fig. 24(a), 
from which the r.m.s. value is seen to be 



( 11 " 

i2 


0-289/tf 


(20d) 


The corresponding secondary current distribution is shown in 
Fig. 24 (6). As in the case of the six-phase fork connection, 
each secondary phase (inner stretch) supplies two anodes in 
succession per voltage cycle, so that the r.m.s. secondary cur- 
rent is 




’ (ir + jir 
12 


0-408/, 


(20e) 


The distribution of the corresponding primary currents, 
illustrated in Fig. 24 (c), is obtained from diagrams (a) and (b) 
as follows. 

Consider first of all the outer stretches of the secondary 
winding. If the primary and secondary ampere-turns are to 
be balanced, then the current relation between primary and 
secondary must be inversely proportional to the number of 
turns, and hence equal to EJE' = 0*298/7///'. Similarly, con- 
sidering the inner stretches of the secondary winding, the 
corresponding ratio of instantaneous primary to secondary 
current is equal to EJE' = 0-816/////'. Diagram (c) is then 
obtained in the usual way by summation of the instantaneous 
currents given in diagrams (a) and (6), due regard being paid to 
algebraic sign as determined by the phase sequence, and taking 
into account the above current ratios. 

For instance, during the first twelfth of the voltage cycle 
primary phase III carries a current corresponding to that car- 
ried by anode 1, as given by diagram (a), and numerically equal 
to that current multiplied by the ratio EJE\ As in this case 
the direction of current flow in the outer stretch of the secondary 
corresponding to anode 1 is opposed. to the positive direction of 
flow in the primary winding, the instantaneous current carried 
by primary phase III is negative, and its actual value is thus 
— 0-298/, . /////'. At the same instant primary phase I carries a 
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current corresponding to that flowing in secondary phase 12-1, 
as given by diagram (6), and numerically equal to that current 
multiplied by the ratio EJE', In this case the direction of 



= ^^+0-238 S^-o-8ts 

Fig. 24. Twelve-phase Rectification (Fork Connection) 


current flow in the inner stretch of the secondary relating to 
anode 1 is in the positive direction of flow in the prhnary 
winding ; so that the instantaneous current carried hy primary 
phase I is therefore positive, and hence its actual value is 
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0-816Ja . EjE'. By continuing this summation throughout the 
remainder of the voltage cycle it is found that the r.m.s. 
primary current, as given by Fig. 24 (c), is 

r [(0-816)2 ^ (0-298)2 ^ (_ 0-298)2 + (- 0-816)2 

+ (- 0-816)2 + (- 0-298)2 + (0-298)2 + (0-816)2] 1 7, . 

= W{^ - V3) - la • EIE' = 0-5027, . EjE' . (20/) 

The distribution of the line currents, given in Fig. 24(d), is 
obtained in the usual way by summation of the primary phase 
currents, due regard again being paid to algebraic signs as 
determined by the phase sequence and the direction of current 
flow. Taking the line currents in rotation, we may write them : 
JS = II-I; 7 = 1-111; 5 = 111-11. Their r.m.s. value is 

consequently 

= 0'816)2 + (- 0-298)2 + (0-298)2 + (0-816)2 
+ (1-112)2 4. (1.112)2 4_ (0-816)2 _|_ (0-298)2 + (- 0-298)2 

+ (- 0-816)2 + (_ 1.112)2 + (_ i.ii 2)2]| 7, . 

= = 0-8167, . EjEj,. . . . (20g) 

Secondary Copper Loading. The kVA rating of the secondary 
winding is given by 

PFa = 12EJ^ + 6Fa72 = 67, X 0-715F,/(2 X 0-298 X 0-289) 
-f (0-816 X 0-408)1 

= 2-171F, (20A) 

Primary Copper Loading. Similarly, the kVA rating of the 
primary winding is found to be 

Wi = ZET = ZE' X 0-5027, . EjE' 

= l-OSPf, (20i) 

A.G. Supply Loading. The line input kVA is, similarly, 
given by 

= VZEJ^ = (V3)-Ez X 0-8167, . EIE^ 

= 1-01 F, (20/) 

The mean kVA rating of the rectifier transformer is as high 
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as l*625Tfd! with this particular twelve-phase connection. At 
the same time it is interesting to note that the utility factor of 
the secondary winding is 0-46, as compared with 0*40 for a 
star-connected twelve-phase rectifier system. The gain due to 
phase-combination is in this case as much as 15 per cent.* 

Referring to Fig. 24 (c), it is seen that the algebraic sum of 
the primary phase currents at every instant in the voltage 
cycle is not equal to zero, so that a star-connected primary 
winding cannot be employed. In this respect the twelve-phase 
fork connection differs materially from its six-phase counter- 
part in which symmetry of the primary currents is observed. 
Moreover, the ratio between line and primary currents is not 
equal to ^ fe-ct in confirmation of this asymmetry. 

The Quadruple Three-phase Circuit. The disadvantage of 
poor utility factor associated with a simple twelve-phase cir- 
cuit such as that just discussed has led to the development of 
composite circuits making use of phase equalizing between 
groups of three-phase, four-phase or six -phase systems. Of 
these, the quadruple three-phase circuit illustrated in Fig. 25 
is probably the best known, and the most frequently used in 
practice, in spite of its requiring no less than three separate 
phase equalizers. It consists of four distinct and inter-star- 
connected three-phase systems relatively displaced in phase 
by 90 electrical degrees. The neutral points of two of these 
systems are connected together through one phase equalizer 
(A), and those of the remaining two systems are similarly 
joined through another phase equalizer (R). Each pair of 
three-phase systems thus formed operates as a six-phase 
system, but on the double three-phase principle discussed in 
the preceding chapter. The two six-phase systems so formed 
are in turn displaced in phase by 90 electrical degrees through 
the medium of the third-phase equalizer ((7), connected between 
their neutral points. The first two-phase equalizers operate 
at triple frequency; whilst the third one makes use of har- 
monics of sextuple frequency to compensate the voltage differ- 
ence between the two six-phase systems, and thus to give 
twelve-phase character to the circuit as a whole. 

Referring to Fig. 25 (a), it is seen that the three-phase 
systems comprising anode groups 1-5-9 and 3-7-11 are in 
antiphase, and consequently together operate as a six-phase 

* In the case of the six-phase fork circuit the corresponding gain is only 
Ijr per cent. 
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system. The same applies to the three-phase systems com- 
prising anode groups 2-6-10 and 4-8-12. The two six-phase 
systems formed in this manner, and comprising anode groups 
and 2-4-6-8-10-12, are in quadrature and thus 
in turn combine to form a composite system, possessing a 
twelve-phase character. With this quadruple three-phase 
arrangement of anode groups, there are always four anodes, one 
in each group, carrying current at any instant, so that each 
anode carries one-quarter of the full direct current during 
one-third of the voltage cycle, i.e. over 120 electrical degrees. 
The r.m.s. anode loading is therefore only times the 

direct current delivered by the rectifier, as compared with 
y'Jg. == times the direct current in the case of simple 
twelve-phase rectification. This feature constitutes a still 
further advantage in favour of composite rectifier systems of 
this type. 

As in the case of the twelve-phase fork circuit, the individual 
phase voltages E are obtained by phase combination of the 
voltages El and E^ across the outer and inner stretches of the 
secondary windings ; and, as before, we have Ei == 0-298J5 and 
= 0 * 816 jB. But in this case the secondary phase voltage is 
that corresponding to three-phase operation, with ^ = 3, and 
its r.m.s. value is consequently 


E== 


V, 


do 


3\/2 ‘ sin (tt/S) 


0-855F^„ 


. (2 la) 


Prom the distribution of the anode (and secondary) currents 
given in Pig. 25 (a), it is seen that their r.m.s. value is 

^ + (1)'] = 0-1451, (216) 


The distribution of the corresponding primary currents, 
shown in Pig. 25 (6), is obtained from diagram (a) as follows : 
Let us consider, for example, that part of the voltage cycle in 
which anodes 1, 2, 3 and 4 are simultaneously carrying current. 
Taking anode 1 &st of all and remembering that, as before, 
the primary-to-secondary current ratio is 0 - 298 jB/jB' for the 
outer stretches, and 0‘816E/E' for the inner stretches of the 
secondary winding, then the primary currents flowing due to 
the currents in the inner and outer stretches of the secondary 
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are respectively X 0*816jB/jB' in phase I and — 

X 0-298jE//jB' in phase III. Similarly, the primary currents due 
to the current carried by anode 2 are J/d X 0‘298i?/-E7' in 
phase I and — \Ia X 0*816£^/jE/' in phase III. Again, con- 
sidering anode 3, tire primary currents corresponding to the 



[![\=-0-278 S^-0’482 0B=-i?-555 \o]^-0'8S4^ ^=^-0‘$64 
Fig. 25. Quadruple Three-phase Beotification 


current flowing in the inner and outer stretches of the 
secondary windings in the anode circuit are respectively 
— II i X O-SUE/E' in phase III and ild X 0-298EJE' in phase IT. 
Finally, taking anode i, the appropriate primary currents are 
X 0-8UE/E' in phase II and - X 0-298F/F' in phase 
ITT . By addition of corresponding phase currents, we find 
that at this instant, when anodes 1, 2, 3 and 4 together carry 
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the full direct current I a, the instantaneous primary currents are 

y^'W^ 0-278J<, . ^ in phase II ; 

( 3 ) - • F = - ■ F ''' 


From Fig. 25 (6) it is seen that the r.m.s. value of the pri- 
mary currents is 


r 


J{l 2 ' 

+ ( - 0-278)2 ^ ( _ 0-482)2 ( 


[(0-482)2 + (0-666)2 (0-482)2 + (0-278)2 

0-566)2 

+ ( - 0-482)2 + ( - 0-278)2 ^ (0-278)2] 

a /3 + 1 j 0 E 

4-v/3 • F 0-395/<j - - - - (21c) 


The distribution of the line currents, shown in Fig. 25 (c), is 
obtained in the usual manner from the relation : 

i2 = II-I; F = I-III; J5 = III-IL 

Their r.m.s. value is, in consequence, given by 

h = y [^[( - 0-964)2 ( _ 0-834)2 + ( _ 0-482)2 

+ (0-482)2 + (0-834)2 (0-964)2 ^ (0-834)2 

+ (0-482)2 + ( - 0-842) + ( - 0-834)2] jj, . £ 

V3 + 1 , -E^ ^ E 

“ 4 = -Y, ■ ■ • 

Secondary Copper Loading. Trom Fig. 26 (a) it is seen that 
the kVA rating of the secondary winding is 

1^2= 12F-I + I 2 F 2 / = 12 X 0-145Ja X 0-855 Fd„ (0-298 + 0-816) 
= l-65Ifa (21e) 
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Primary Copper Loading. Similarly, from Fig. 25 (6), the 
kVA rating of the primary winding is seen to be 

IFi = = ZE' X 0-395/^ . EIE' 

= YOlW, ( 21 /) 

A.C. Supply Loading, Again, from Fig. 25 (c), the line input 
kVA is given by 

= (VS)EJ, = (VS)E^ X 0*682/, . E/E, 

= 1-01 PT, (21^) 


The two phase equalizers A and B operate in exactly the 
same way as the phase equalizer associated with the double 
three-phase circuit discussed in the previous chapter. But 
their kVA rating is only one-half the rating of the phase 
equalizer for the six-phase connection, as each carries a cur- 
rent equal to only in place of J/,. The equivalent kVA 
rating of each of these two third-harmonic phase equalizers 
is thus 


2 




(21h) 


The function of the third phase equalizer C is to equalize the 
instantaneous potential difference between the six-phase sys- 
tems constituted by the two phase-groups l~3-5--7-9-ll and 
2-4-6-8-10-12. The voltage across each of its two windings, 
being the difference between the mean potentials of these two 
phase-groups and the phase voltage of one six-phase system, 
has therefore a triangular wave-form also, and in this case its 
amplitude is approximately xV • ( r.m.s. value 
may therefore be taken as being equal to iV . V This volt- 
age is produced by a sixth-harmonic magnetizing current, 
superimposed on the direct current flowing in the windings of 
the phase equalizer, so that looking upon the latter as a normal 
two-winding transformer operating at the frequency of the 
alternating-current supply, its equivalent kVA rating is seen 
to be 

The total equivalent kVA rating of all three-phase equalizers 
is therefore 0*09 TF,; so that the mean kVA rating of the 
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transformer unit as a whole is 1-42PF<^, which compares favour- 
ably with the corresponding figure of l*35Tf ^ obtained for the 
double three-phase circuit. In any case, it represents a reduc- 
tion of no less than 13 per cent as compared with the twelve- 
phase fork circuit. 

It is interesting to note that the quadruple three-phase 
circuit also permits of a star-connected transformer primary, 
as may be seen from Fig. 25 (6) ; and here again it will be 
found that its kVA rating is the same as that of the delta- 
connected winding considered above. That the algebraic sum 
of the individual phase currents in the primary winding is zero 
at every instant is also evidenced by the fact that the r.m.s. 
value of the line current is equal to times that of the 
primary current. 

The Triple Four-phase Circuit. In the same way that the 
preceding circuit may be looked upon as an outcome of the 
well-known and widely-used double three-phase arrangement 
of a six-phase rectifier system, so the triple four-phase circuit 
(Fig. 26) may be regarded as a logical development from the 
triple single-phase circuit discussed at the end of the previous 
chapter. It consists of three distinct and fork-connected four- 
phase systems relatively displaced in phase by 120 electrical 
degrees, and having their neutral points joined through a three- 
core phase equalizer. With this arrangement of anode groups 
there are always three anodes, one in each group, carrying 
current at any instant ; thus each anode carries one-third of 
the full direct current I a during one-quarter of the voltage 
cycle, i.e. over 90 electrical degrees. The r.m.s. anode loading 
is therefore times the direct current delivered by the 

rectifier, as compared with times the direct current in the 
case of quadruple three-phase rectification — an increase of 15 
per cent. 

As in the case of the two previous circuits, the individual 
phase voltages E are obtained by phase-combination of the 
voltages El and E^ across the outer and inner stretches of the 
secondary windings. But here, as may be seen from Fig. 26 (a), 
the relations are: Ei= 0-S16E and i/g = 0-29SE, The sec- 
ondary phase voltage is that corresponding to four-phase 
operation, with ^ = 4, so that its r.m.s. value is 


E = 


dQ 


4v'2 ■ sin (7 t/4) 


0-785 


(22a) 
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From the anode-current distribution given in Fig. 26 {a), we 
have for the r.m.s. value of the anode currents 

( 226 ) 

By reason of the fork connection of each of the three four- 
phase systems, the inner stretches of the secondary windings 
are utilized twice as often as the outer stretches which carry 
the anode currents. This is shown by the secondary-current 
distribution given in Fig. 26 (6), from which 

h = + (1)" + (1)" + (1)" + (1)" + (1)"] j • 

= 0-236J^ (22c) 

The corresponding distribution of the primary currents is 
shown in Fig. 26 (c), and is derived as follows: Consider, for 
instance, that part of the voltage cycle during which anodes 1, 
2, and 3 are simultaneously carrying current. Referring to 
diagram (a), the phase current ratio, primary to secondary, 
is 0-816F/F' for the outer stretches and 0-298 jE 7/£/' for the 
inner stretches, so that taking anode 1, in the first place, then 
the primary currents flowing due to current in the inner and 
outer stretches of the secondary winding are respectively 
— X 0-298 F/jE 7' in phase 11 and ^1^ X 0*816F/i7' in phase 
I. Similarly, the primary currents flowing due to the current 
in the windings connected to anode 2 are — X 0-298 jB/^' 
in phase III and X Q-SI^EIE' in phase II. Again, con- 
sidering anode 3, the primary currents corresponding to the 
current flowing in the inner and outer stretches of the sec- 
ondary windings in the anode circuit are ^1^ X 0^29SEIE' in 
phase I and — ^la X 0-816FyF' in phase III. By addition of 
corresponding phase currents, we thus find that at this instant, 
when anodes 1, 2, and 3 together carry the full direct current 
la, the instantaneous primary currents are 

/ 'V / 3 —I— 1 E E _ 

( 1 ) y 2 ,-s/¥ ~ ■ W ^ • w ™ ^ ’ 

/ 1- E T ^ 1 -r-r 

~ V 3-v/ 6 " 0-099/d ^ in pliase II ; 

(3) - ^ )/d • J - 0-371/d ^7 in piiase III. 

4-(T.6) 



80 MEBGUBY-ARC OUBBENT C0NVERT0B8 



m T, 12-3 

m X / 

7^ 3'6 




/inode 

Current 

(RMS.^y) 


Secondary 
Current 
(RMS.^yj^) 


Frimary 

Current 

IRMS.^ 


R 

m 

m pO o ! • ? HHpr • 0 

Y 

• 

• ojx ■ ■ ^ o 1 

B 

m 

■ xio • tIIII 


Line 


'V 


0 ‘S 71 ^^ 0^643 ^^-O-STJ ?B^- 0 ’S 4 S 

S=C'27Z \I1^0’74Z lo]«-^*2Z2 ^»-074Z B=-/-i7r4 


Pig. 26 , Teiple Four-phase Rectification 


From Fig. 26 (c) it is seen that the r.m.s. value of the primary 
currents is therefore 


I' = [(0-371)2 ^ (0-643)2 + (0-643)2 + (0-371)2 

+ (0-099)2 + (- 0-099)2 -f- (- 0-371)2 + (- 0-643)2 
+ ( - 0-643)2 + ( - 0-371)2 ^ ( _ 0-643)2 

+ ( - 0-371)2 + ( _ 0-099)2 ^ (0-099)2] j/, . J 

= WEIO -f 3V'3]/d - E/E' = 0-433/d . E/E' . {22d) 
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The distribution of the line currents, given in Fig. 26 (d), is 
obtained in the usual way from the relation : 

R==ll-1] 7 = 1-11; 5 = III-IL 
Their r.m.s. value is consequently given by 

== 

+ ( - 0-272)2 ^ (0-272)2 -f (0-742)2 ^ (1-014)2 
-f (1-014)2 -f (0-742)2 ^ (0-272)2 _|. ( _ o-272)2 

+ ( - 0-742)2] 

= ^V[2 + a/ 3]/. -£= 0-7437, . £ . . (22e) 

Secondary Copper Loading, From Fig. 26 (a), the kVA rating 
of the secondary winding is 

W 2 = 12£i/i + eE2l2 = (12 X 0*816£^ X 0-1671^) 

+ (6 X 0*298£7 X 0*236/^) 

= (1-632 + 0-419)jB/d= 2-051 X 0-7857^/^ 

= 1-61 TF, (22/) 

Primary Copper Loading. Similarly, from Fig. 26 (c), the 
kVA rating of the primary winding is 

= ZE'P = 3E' X 0-433/d . EIE' 

= l-02lfd (22^) 

A.C. Supply Loading. Again, from Fig. 26 (/), the line input 
kVAis 

= W3)EJ, = W3)E, X 0-743/d . EjE, 

= 1-01 TFd (22A) 

The phase equalizer functions in precisely the same manner 
as the three-core phase equalizer associated with the triple 
single-phase circuit discussed at the end of the previous chapter ; 
but in the present case the voltage across each of its three 
windings, being the difference between the mean potentials of 
all three phase-groups (1-4-7-10, 2-5-8-11, and 3-6-9-12) and 
the phase voltage of one four-phase system, is of quadruple 
frequency; and its r.m.s. value is approximately equal to 47^^- 
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Hence, looking upon the phase equalizer as a normal three- 
winding auto-transformer operating at the frequency of the 
alternating supply, its equivalent kVA rating is 



The mean kVA rating of the transformer unit as a whole is 
therefore 1*35 for the triple four-phase circuit, as compared 
with 1*42TF^ for the quadruple three-phase circuit. The utiliza- 
tion of the former circuit is thus better by 5 per cent, whilst 
the reduction in mean rating as compared with the twelve- 
phase fork circuit is as much as 17 per cent. 

Referring to Fig. 26 (c), it is seen that the algebraic sum of 
the primary phase currents at every instant in the voltage 
cycle is not equal to zero, so that a star-connected primary 
winding cannot be employed. This is confirmed by the fact 
that the ratio between the line and primary currents is not 
\/3 : 1. 

The Double Six-phase Circuit. The double six-phase circuit, 
which has been developed by the author, is essentially a com- 
promise in that it furnishes an arrangement of transformer 
connection that is neither unduly complicated as regards phase- 
combination, nor too wasteful as far as the expenditure of 
valuable kVA on phase equalizers is concerned, and is at the 
same time one which gives a twelve-phase character to the 
rectifier system as a whole. 

In a sense, it is a logical development from the six -phase 
fork circuit discussed in the preceding chapter, but the method 
of phase-combination employed to obtain two six -phase sys- 
tems displaced in phase by a right angle does not permit of 
the same degree of symmetry in the secondary phases. For 
this reason the secondary kVA rating is some 4 per cent greater 
than in the case of the six-phase fork connection. 

The double six-phase circuit (Fig. 27), then, consists of two 
distinct and fork-connected six-phase systems relatively dis- 
placed in phase by 90 electrical degrees, and having their 
neutral points joined through a two-core phase equalizer ; so 
that two anodes, one from each six-phase group, together 
always carry the total current delivered by the rectifier system. 
Each anode, therefore, carries one-half of the full direct cur- 
rent during one-sixth of the voltage cycle, i.e. over 60 elec- 
trical degrees. The r.m.s. anode loading is consequently 
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times the direct current, as compared with ViV times the direct 
current in the case of the twelve-phase fork circuit — a reduc- 
tion of 30 per cent. With this circuit also, the individual phase 
voltages E are obtained by phase-combination of voltages 
having values of 0-298-B and 0-816^7. The secondary phase 
voltage is that corresponding to six-phase operation, with 
p = 6, so that its r.m.s. value is 


E 


V 


^0 


6'\/2 * sin (tt/G) 


= 0-74F, 


(23a) 


The anode-current distribution is given in Fig. 27 (a), from 
which 

A = (1)^1 0-204/, . . (236) 

Moreover, by reason of the fork connection of each six -phase 
anode-group, the inner stretches of the secondary winding are 
utilized twice as frequently as the outer stretches carrying the 
anode currents. This is illustrated by the secondary-current 
distribution diagram given in Fig. 27 (6), from which 

(23c) 

The corresponding distribution of the primary currents is 
shown in Fig. 27 (c), and is derived in the usual way from a 
consideration of the current-flow in the various primary phases 
produced by the anode and secondary currents, due regard 
being paid not only to algebraic sign, but to the current ratios 
for the different paits of the secondary winding as well. For 
example, during that part of the voltage cycle in which anodes 
6 and 7 are simultaneously carrying the full direct current 7^, 
the instantaneous primary currents are 

2i\ E E 

(1) — g ^ — 0-8167d • ^ in phase I ; 

2^6 • F ^ 0-149/<j.^inphaseII; 

f \/Z —1\ E E 

(3) ( 2V6 ^ in phase III. 






Pr/mary 

Current 

(RMS.^yz) 


Line 

Current , 

w.=^; 



U.J49 m-0-556 m-0-816 ^=-0-749 H=-0-556 m‘-0-876 

^=0-964 Wk~1-n2 M^O-SOO ^=-0-964 IS=-7-772 

Fig. 27. Double Six-bhase KEOTmoATioN 
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From Fig. 27 (c) it is seen that the r.m.s. value of the 
primary currents is, therefore, 

/' = y I ^[(0-816)2 + (0-556)2 (0-149)2 ( _ 0-149)2 

+ ( - 0-556)2 ^ ( _ 0-816)2 ^ ( _ 0-556)2 ^ ( _ 0-144)2 
+ (0-149)2 -f (0-556)2] 

= - -®/^' = 0-47 1/^ . EIE' . . . {23d) 

From the line-current distribution given in Fig. 27 (d) and 
obtained, in the usual way, from the relation : 

= 7 = I~- III; 5 = 111^11; 

we have, for the r.m.s. value of the line currents, 

/i = y|^[(0-964)2 ^ (0-556)2 ^ ( _ 0-556)2 + ( - 0-964)2 
+ ( - 1-112)2 + ( - 0-964)2 ^ ( _ 0-556)2 + (0-556)2 
+ (0-964)2 + (1-1 12)2] 

7., I = 0.787/.. I .... (23«) 

Secondary Copper Loading. From Fig. 27 (a), the kVA rating 
of the secondary winding is 

TFa = (12 X 0-816F X 0-204/,,) + (6 X 0-298/? X 0-289/„) 
- = (2-000 + 0-518)/?/^ 

= 1-861F, (23/) 

Primary Copper Loading. Similarly, from Fig. 27 (c), the 
kVA rating of the primary winding is 

= BET = BE' X 0-47 1I„ . EIE' 

= l-05lFa (23sr) 

A.C. Supply Loading. Again, from Fig. 27 (d), the line 
input kVA is 

= {V^)EJ, = (V3)-E?i X 0-787/„ . E/E, 

= 1-01 IFd (23/) 
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The phase equalizer is identical with the third-phase equalizer 
—0 in Fig. 25 (a) — employed in the quadruple three-phase 
circuit, and its equivalent kVA rating is therefore 


2 X 


Flo 

16 


2 


™ —W, 


(23i) 


The mean kVA rating of the rectifier transformer unit as a 
whole is therefore 1-455 If ,2 the double six-phase circuit, as 
compared with 1-6251F^ and 1-42TF^ for the twelve-phase and 
six-phase fork circuits respectively. With double six-phase 
operation, therefore, the utilization of the transformer is inter- 
mediate between tlxat occurring under conditions of simple 
six-phase and twelve-phase working. Compared with either 
of the two previous phase-equalizing circuits having twelve - 
phase character, the utility factor is, however, not quite so 
good. In point of fact, the double six -phase circuit shows a 
2|- per cent poorer utilization than the quadruple three-phase 
circuit ; whilst the reduction in utilization is about per cent 
as compared with the triple four-phase circuit. On the other 
hand, it is to be remembered that only a single and two-core 
phase equalizer is required, and as this operates by virtue of 
harmonics of sextuple frequency, the sudden rise in voltage 
occurring at no-load of the rectifier system is only 3|-per cent, 
which is not likely to be objectionable in practice. In the case 
of the other two phase-equalizing circuits, the voltage rise is 
either 20 per cent or 10 per cent, so that special means for 
providing harmonic excitation of the phase equalizers are 
likely to be a practical necessity. 

Here again the algebraic sum of the primary phase currents 
at every instant in the voltage cycle is not equal to zero, as 
may be seen from Fig. 27 (c). Thus a star-connected primary 
winding cannot be used with this particular arrangement of recti- 
fier transformer. Hence also the fact that the r.m.s. value of the 
line current is not equal to '\/S times that of the primary current. 

The Twelve-phase Series Circuit. Another arrangement 
w^hich, like the foregoing, employs fork connection of the trans- 
former and operates on the principle of phase equalizing-~-but 
without the actual inclusion of any phase-equalizing device 
in the circuit — ^is the twelve-phase circuit due to Kramer*^ and 
generally known as the series connection. 

* C. Kramer: “A New Twelve-Phase Transformer Connection for Steel - 
tank Rectifiers,” Elehtrotechnisches Zeitsehrift, 1929, Vol. 50. p. 
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In the opinion of the author it would appear to be the 
rectifier circuit par excellence, in which the claims made for 
twelve-phase working — and on theoretical grounds these can- 
not be disputed — ^viz. better inherent voltage regulation, prac- 
tically non-fluctuating output voltage, good power factor, and 
high efficiency are all substantiated in practice; whilst its 
peculiar mode of operation enables it to escape not only the 
disadvantage of poor utilization which is characteristic of the 
simple types of twelve-phase circuit, but also the drawback of 
requiring the expenditure of valuable kVA on phase-equalizing 
devices. 

This interesting twelve-phase circuit (Fig. 28) essentially 
comprises two six -phase fork-connected transformers whose 
primary windings are connected in series in such a manner 
that the fluxes of the two transformers are displaced by 7t/6, 
and whose secondary windings are connected in parallel by 
directly joining their neutral points to the negative pole of 
the rectifier system. In this way the two six -phase systems 
combine to form a rigid twelve-phase system which is sym- 
metrical and stable at all loads. 

It is seen from Fig. 28 that the requisite phase displacement 
between the two six -phase systems is obtained by connecting 
the primary winding of transformer A in star (open) and that 
of transformer B in delta (closed). The two three-limbed 
transformer cores are generally arranged one on top of the 
other, or side by side in a common tank. By reason of the 
series connection of the primary windings, the rectifier load is 
divided equally between the two six -phase anode groups, and 
because of the fork connection of the secondary windings the 
load current is always distributed over three rectifier anodes 
at any instant. In other words, the total secondary copper 
loading is that corresponding to a quarter-phase connection 
and consequently each anode carries current for one-quarter 
of a cycle, that is, over 90 electrical degrees. Due to this large 
measure of phase equalizing, the kVA rating of the trans- 
former unit as a whole is very much reduced as compared with 
the majority of twelve-phase connected transformers, and is 
actually 5 per cent less than that of the equivalent six-phase 
fork-connected transformer. 

The distribution of the load current over the three simul- 
taneously working anodes is not uniform, as the number of 
turns per primary phase is not the same for both transformers. 
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7Z 



(ou) Current Distribution between Anodes. 



(b) Current Distribution 30'' later than in (ce) 
Fig. 28 . The Twelve-phase Series Circuit 


In fact, the numbers of turns in the primary windings of A 
(star) and B (delta) are in the ratio of 1 : y'B, so that the anode 
currents produced by the flow of current in the primary phases 
of A and B must be in the ratio of VS : 1. Hence the load 
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current divides between the three anodes in the ratios 1/(2 
+ 1/(2 + a/3)j individual 

anode currents have therefore a stepped wave-form. During 
the first 30 electrical degrees of its current-conducting period, 
each anode carries a current equal to IJ{2 + V^)- Inuring the 
middle period of 30 electrical degrees the current carried has 
the value {^/2)Ial{2 y'3) ; whilst in the final 30-degree period 

of current conduction the anode current reverts again to its 
original value of /d/(2 + ^3). The distribution of the load 
current for the 30-degree period in which anodes 12, 1, and 2 
operate together is shown in Fig. 28 (a). The corresponding 
primary current-fl.ow is also shown by the arrows in the dia- 
gram, and it is seen that current is drawn from line R and 
returned to lines Y and B. During the next 30-degree period, 
when the load current is carried simultaneously by anodes 1, 
2, and 3, the conditions on the primary side alter, and current 
is drawn from line R and returned to line Y ; whilst line B 
neither takes nor supplies current, as shown in Fig. 28 (6). 
From the diagrams it is seen, also, that alternately two and 
three primary phases carry current ; and that when A has two 
of its primary phase-windings loaded, all three phases of £’s 
primary winding carry current, and vice versa. In this way, 
therefore, and in spite of the peculiar modus operandi of the 
transformer unit as a whole, the requisite symmetry in the two 
sets of primary phase currents is obtained ; and a little consider- 
ation will show that, as the result of this symmetry, each trans- 
former carries one-half of the total load on the rectifier system. 

As the twelve-phase series arrangement operates in the 
above manner as a quarter-phase system, with ^ = 4, the 
secondary phase voltage has an r.m.s. value equal to 


E = 


do 


4v'2 ■ sin (7r/4) 


= 0-785F<j„. 


(24a) 


The anode current distribution is shown diagrammatically 
in Fig. 29 (a) and is derived from the load-current distribution 
discussed above in connection with Fig. 28. From the diagram 
it is seen that the r.m.s. value of the anode current is 


h = 




( 246 ) 
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By reason of the fork connection of each six -phase secondary, 
the inner stretches of the winding are utilized twice as often 
as the outer stretches, which carry the anode currents. This is 
shown by the distribution diagram of Fig. 29 (6), from which 
the r.m.s. secondary current is seen to be 


2 -j- <y/3 


12 


( V 3)2 + ( 1 )^ H- ( 1 )^ + (V3)^ + ( 2)^1 




2 + V3 = 

The corresponding primary current distribution is illus- 
trated by the diagram of Fig. 29 (c), and is obtained by direct 
summation of the anode and secondary currents given in 
diagrams {a) and (6), due regard being paid to algebraic sign 
as determined by the phase sequence and the direction of cur- 
rent flow in individual phases. Using the notation given in the 
diagrams, we may write 

I = (1) + (3) - (7-9); II = (5) + (7) - (11-1); 

III= (9) + (11) -(3-5); 


and 

IV = (8^10) - (2) - (4) ; V = (12-2) ~ (6) - (8) ; 
VI = (4-6) -(10) - (12). 


Neglecting for the moment all consideration of the primary- 
to-secondary current ratios, and regarding, for example, the 
30-degree period of the voltage cycle during which anodes 12, 
1, and 2 together carry the load current /^, we obtain for the 
instantaneous currents in the two primary windings 


I = 
and 


( 1 ) 


( Y^3)Jtg 

2 -j- \/S 


; II = - (11-1) 


(V3)/, 

2 + 


0 ; 


9.T 

'^=-(12)=-2+V3- 


It is these values which are actually given in the distribution 
diagram of Fig. 29 (c) ; but they are only equivalent values, 
referred to the secondary winding, and must be corrected to 
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take into account the turns-ratios of the transformers before 
the r.m.s. values can be arrived at. 

In the case of the A-primary winding, the current ratio, 
primary to secondary, is EJE\ = EJE\ = E|{^/3)E '^ ; whilst 
in the case of the F-primary winding the corresponding ratio 
is EjE'y = EJE'^ = EI['\/^)E\. Furthermore, as each trans- 
former carries half the total load on the rectifier system, the 
line voltage divides itself equally between the two primaries, 
since these are in series ; so that we have E'^ = | . Ej^y^S 
and E\ — ^ . E^; or, denoting the phase voltage of the alter- 
nating-current supply system by E', we have 

= E', and E'^ = ^. E'* 

Consequently for phases I, II, and III the primary -to-secondary 
current ratio is 2Ef3E', whilst for phases IV, V, and VI it is 
2EI'\/3E\ The F-primary current is thus 'y/S times the A- 
primary current, as is to be expected in view of the inherent 
symmetry of the fork connection (c/. page 54). 

From Fig. 29 (c) the r.m.s. value of the A-primary current 
is seen to be 

= 2 +‘ I + ( 1 )’ + < -')= 

+ ( - a /3)^ + ( - 2)2 + ( - ^.3)2 + ( 1)2 

whilst the r.m.s. value of the F-primary current is similarly 

"'' = 2 +WSb[( 

+ ( - V3)" + ( - 1)^ + (1)® + (V3)^ + (2)^ 

’ 1 2F 

+ (a/3)2 + 

* This relation also indicates that the number of turns per phase on the 
primary sides of the two transformers is in the ratio 1 : (star : delta), 

as mentioned on p. 88. 
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The line-current distribution is shown in Fig. 29 (d), and is 
obviously the same as for the 7-primary currents, so that we 
have for the r.m.s. value of the hne current 


I, = 0-4387, . EIE' = 0-7597, . E/E, (24/) 


Secondary Copper Loading. From Figs. 29 (a) and (6) we 
obtain for the kVA rating of the combined secondary windings 

W, - 12EJ, -f 6E,I, 


= 12 


JE_ 

VS 

2.V/3 

“ 2 -f V3 

= 1-6717, 




2 

- -f l^EI^ = ^ 2 -f -v/3 


E 


•\/3 2 -)- \/3_ 


(24?) 


Primary Copper Loading. Similarly, from Fig. 29 (c), we 
have for the kVA rating of the combined primary windings 

W, = ZE\I\ + ^E^Fr 

_r WZE') 2V2 El 

~L • 3(2 -f- -v/3) ■ -B'J 

-.-1^ 

,2-|-V3/ “ A2 + 

= 1-0317, (24A) 


A.C, Su'p^ly Loading. Again, from Fig. 29 {d), the line 
input kVA is 

= 1-0317, . (24i) 

The mean kVA rating of the transformer combination is 
therefore only 1-3517,, which figure represents a considerable 
improvement on that obtained with all other twelve-phase 
systems of rectification excepting the triple four-phase circuit. 
The twelve-phase series circuit has the advantage over the 
latter that no phase equalizer is required. At the same time, 
although the degree of phase equalizing is the same for both 
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arrangements, the r.m.s. anode loading obtained with the 
series circuit is not quite so good, being 0*173/^, as compared 
with 0-167/^ — an increase of 3-| per cent. Nevertheless the 
series circuit has the great advantage of a relative simplicity 
in the design of the transformer as a whole, which is com- 
parable only to that obtaining in the case of the double three- 
phase system of rectification. 



CHAPTER VII 

THE MERCURY-ARC RECTIFIER IN PRACTICE 

From the general account given in Chapter II of the physical 
phenomena associated with its operation, it will he appre- 
ciated that the mercury-arc rectifier consists essentially of a 
vacuum chamber containing (1) a mercury pool as cathode; 
(2) several main anodes, whose function it is to carry the power 
current; and (3) one or more auxiliary anodes for providing 
ignition and excitation of the rectifier. For small outputs, 
that is, within the range from 10 to 400 or 500 A, the vacuum 
chamber or rectifier vessel proper is generally of glass — such 
rectifiers consequently being referred to as of the glass-bulb 
type. In the case of higher unit outputs, from 800 up to 10 000 
or even 16 000 A, the envelope is of steel, for which reason 
such rectifiers are said to be of the steel-tanh type. 

Field of Application and Characteristic Advantages. The 
mercury-arc rectifier is akin to an electrical machine of the 
series type, in that its operation is associated with a relatively 
small voltage drop and, correspondingly, a low internal loss. 
Consequently, the economy of such rectifier equipment is most 
pronounced at high direct-current pressures. Furthermore, as 
the internal loss is occasioned by a voltage drop which is 
sensibly independent of the load, the efficiency remains high 
even when the rectifier is operating at reduced output. In 
fact, it is this latter characteristic which, more than any other 
operating feature, gives the mercury-arc rectifier its advan- 
tage over rotating converting plant. 

Both of these features are illustrated by the curves of over- 
all efficiency, i.e. including the associated transformer and 
essential auxiliaries, given in Fig. 30. It is seen that, at 500 
volts, rectifier equipment is already more efficient than rotary 
converting plant, while considerations of first cost and floor 
space give it further advantage. At 1 500 volts and above the 
superiority of the rectifier is very marked. On the other hand, 
at low load factors and a direct-current pressure as low as 
250 volts even, the mercury-arc rectifier stiU compares favour- 
ably with other forms of converting plant. Broadly speaking, 
the merits of static rectification become prominent in the case 
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of units handling 100 kW or more at direct-current pressures 
of 200 volts and upwards. 

Rectifier units for traction service are in operation up to 
3 300 volts, and for broadcasting stations up to 20 000 volts. 
In the case of the former, where the substation capacity seldom 
exceeds 2 000 kW, the required energy output can be supplied 
by a single steel-tank rectifier; or by a bank of glass-bulb 
rectifiers connected in parallel in cases where the traction 
system operates at 600 or 1 500 volts. In the case of high- 
voltage rectifiers, the unit output has so far been limited to 
about 750 kW, although with the adoption of broadcasting 
stations requiring 200 kW and more in the aerial system, it 
seems likely that this limit will soon be exceeded. The largest 
rectifier so far built is capable of a continuous output of 
16 000 A at 500 volts, whilst direct-current pressures of the 
order of 30 000 volts have already been obtained commercially 
from a single unit. 

The field of application of the mercury-arc rectifier is con- 
tinually extending ; and while the heavy-duty type has special 
advantages where a direct-current supply is required at high 
voltage, as in the case of electric railway traction, and for 
wireless telegraphy and broadcasting purposes, it is being 
increasingly used also for municipal and industrial power ser- 
vice, and in the electro-chemical, iron and steel, and other 
special industries. At the same time, the smaller rectifiers are 
being widely applied to battery charging, and to the supply 
of direct current for lifts, cranes and hoists, as well as for pro- 
jection arcs in cinemas and theatres. 

The advantages of the mercury-arc rectifier, in comparison 
with other types of converting plant, may be summarized as 
follows — 

1. High and practically constant efficiency at all loads 
between about 35 per cent and 125 per cent of full load. 

2. Small no-load losses and consequent high economy at 
low-load factors. 

3. Excellent performance at direct-current pressures from 
about 200 volts up to the highest required for commercial 
purposes. 

4. Low maintenance and operating costs — ^no material is 
consumed, and there is no wear in the rectifier. 

5. Negligible depreciation. 

6. Simple installation — ^no expensive foundationB. 
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7. Not susceptible to damage by short circuits. 

8. No synchronizing needed — and the rectifier is therefore 
unaffected by disturbances on, or momentary failure of, the 
alternating-current supply system. 

9. High momentary overload capacity. 

10. Can be started up in a few seconds. 

11. Silent in operation. 

12. Easily and cheaply adapted to fully automatic or remote 
supervisory control. 

Glass-bulb Eectiflers. Considering the manifold advantages 
offered by static means of converting alternating to direct 
current, progress in the utilization of mercury-arc rectifiers 
has been relatively slow. The main reason for this has un- 
doubtedly been the prejudice of the engineer against having 
to depend upon a glass bulb for power service. Also, and quite 
apart from the fact that glass is a mechanically fragile material, 
it has often been thought that a glass-bulb rectifier has only 
a comparatively brief life, at the end of which the bulb burns 
out and becomes useless — as happens in the case of the house- 
hold electric lamp. 

It is true that glass, considered in relation to normal engin- 
eering materials, is relatively fragile ; but then a rectifier bulb 
can readily be protected from mechanical damage. As regards 
the period of usefulness which may be expected from such a 
bulb when leaving the hands of the manufacturer, it may be 
said that convincing evidence is now available as to the 
longevity of commercial glass-bulb rectifiers. The average ex- 
pected life of a rectifier bulb may be taken to be not less than 
15 000 hours, and it is certainly not less than 12 000 hours. 
Most rectifier manufacturers guarantee for their bulbs a life 
of 6 000 hours ; whilst some extend this guarantee to the end 
of the twelve months’ maintenance period which is usual to 
electrical engineering practice in this country. Cases are known 
where individual rectifier bulbs have been in service for nearly 
ten years, but such cases are, of course, somewhat rare. At 
the same time it is worth remembering that of all the rectifier 
bulbs supplied to date by one well-known manufacturer, 96 
per cent are reputed to be still in service. 

A typical example of the glass-bulb design of mercury-arc 
rectifier is illustrated by Fig. 31, which shows the main anodes, 
the ignition anode, and one of the two excitation anodes. The 
mercury vaporized at the surface of the cathode rises in 
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the large condensation chamber or dome forming the major 
portion of the rectifier bulb and, after condensing in its upper 



Fig. 31. A Typical Glass-bulb Rectlfiee 
English Electric Co. 


part, runs down the walls back to the cathode pool at the 
bottom of the bulb. The length of the main anode arms, 
which are welded into the walls of the rectifier bulb at the 
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base of the condensing chamber, is determined by the output 
voltage. Up to about 200 volts the arms are straight and 
comparatively short, while at direct -current pressures of 500 
volts and above they are much longer and contain one or more 
right-angle bends. The temperature at which the mercury 
condenses determines the working pressure in the rectifier 
bulb, and is consequently the vital factor in the design. More- 
over, the size of the condensing chamber is determined by the 
current rating of the rectifier. With increase in the current 

output, the temperature, and there- 
with the vapour pressure rises, thus 
increasing the tendency of the recti- 
fier to back-fire."^ Apart from this 
factor, however, inherent mechanical 
weakness of the rectifier bulb has 
limited the manufacture to sizes 
capable of direct-current outputs up 
to about 500 A at 500 volts (con- 
tinuous rating), when artificially 
cooled by means of air blown up- 
wards over the surface of the bulb. 
An example of a 500-A bulb is illus- 
trated in Fig. 32. Higher outputs 
would seem to be possible by making 
use of external oil-cooling or by 
adopting some form of internal 
water-cooling arrangement. 

In commercial installations the 
glass-bulb rectifier and its associated equipment — comprising 
the ignition and excitation apparatus, motor-driven cooling 
fan, anode fuses, and other auxiliary fuses — are housed in a 
substantial sheet-steel cubicle provided with ample ventilation 
by means of louvres or expanded metal panels, and the indi- 
vidual items of apparatus are so arranged as to be readily 

* By “back-firing” is miderstood the sudden failure of the valve action 
at one or more anodes. Such a condition is tantamount to an internal short- 
circuit, and its effect may sometimes be destructive in the case of a glass- 
bulb rectifier. The various causes imderlying this phenomenon have been the 
subject of much research in recent years, and one of the best-known series of 
investigations has been carried out by von Issendorff. The result of these 
investigations, which are among the naost authoritative available to date, is 
given in a paper entitled: “The Ori^ and Mitigation of Back-Fires in 
Mercury- Arc Rectifiers,” and published in WissenschaftUche Verdffentlichungen 
aus dem Siemens-’Konzern, 1930, Vol. 9, pp. 73-114. 



Fig. 32. A 500-A 
Rectified Bulb 
Eewittic Electric Co. 
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accessible. In most eases, especially where the larger units 
are concerned the rectifier bulb is mounted in a frame or eSdle 

the cubir "PP- compartmeS of 

Fig. 33 illustrates a double-cubicle rectifier equipment for 



Fig. 33a. Double-cubicle E-ectifibe Unit 
P ront view 
English Electric Co. 

supplying a three-wire direct-current system at 250/600 volts 
as manufactured by the Engfish Electric Co., and which in 
many respects may be regarded as representative of this type 
of electrical plant. The equipment as a whole is designed on 
the umt principle, each cubicle having its own switchgear. 
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auxiliaries, and fuses. In this way maximum security is ob- 
tained, and a number of such units may be run in parallel 
from a common transformer. Where regulation of the direct- 
current output voltage is required, the induction regulator or 



Fig. 33b. Double -cubicle Beotifier Unit 
Rear view 
English Electric Co. 

grid-control gear may be conveniently arranged on the floor 
of the cubicle with the operating handwheel on the front panel 
(Fig. 33a). In such case the smoothing reactor in the output 
circuit, and the auxiliary apparatus for providing ignition and 
excitation, are also arranged on the floor of the cubicle, at the 
back (Fig. 33b). The anode fuses protecting the rectifier unit 
on the alternating-current side, which have a high rupturing 









Fig. ;H. Ahha-nokment of Equifmeistt in a Rectifier Cubicle 

Bruce-Peebles <&: Co. 
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capacity and are of the quick-acting type, are then conveni- 
ently located at the back of the cubicle, behind the cooling 
fan with its vertical driving motor. To ensure effective and 
uniform cooling, the fan is usually surrounded by a shroud 
which, as in the case of the Bruce-Peebles equipment 



Fig. 35. Rectifier Cubicles with Direct Current 
Circuit-breakers Mounted Above 
English Electric Co. 


illustrated in Fig. 34, may take the form of a short length of 
trunking enveloping the lower part of the rectifier bulb. The 
direct current circuit-breaker is usually mounted on a panel 
either at the front of the cubicle and above the bulb compart- 
ment, as shown in Fig. 35 ; or at the back of the cubicle with 
a drive through to the operating handle on the front panel, as 
shown in Fig. 33a. 
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Fig. 35, which illustrates an alternative design of English 
Electric rectifier equipment, depicts a double-cubicle arrange- 
ment for supplying direct current at 220 volts to cranes and 
hoists. The relays on the front panels serve to bring the 
second cubicle into service when the first commences to carry 
more than its normal full load for a given period of time. 
Unlike the equipment illustrated in Fig. 33, no voltage regu- 
lating apparatus is provided. The smoothing reactor can be 
seen at the back of one of the cubicles, whilst the auxiliary 
unit for providing ignition and excitation is in this case located 
at the front. 

The main transformer supplying a rectifier unit, or bank of 
rectifiers, is nearly always placed outside the cubicle and, in 
some cases, may even be located outside the substation build- 
ing. Its secondary winding is protected from the voltage 
surges which frequently arise at light loads under low tem- 
perature conditions, e.g. in an unheated substation in the 
winter months, either by means of surge arrestors of the auto- 
valve type conveniently mounted on the transformer itself; 
or by horn-gap arrestors mounted on top of the rectifier cubicle 
(Fig, 34). In addition, the rectifier bulb is generally protected 
against such voltage surges by special resistance rods of high 
ohmic value connected between each main anode and cathode. 

The methods of establishing ignition and subsequent excita- 
tion of the glass -bulb rectifier naturally vary with different 
manufacturers, but a common circuit arrangement is that 
employing electromagnetic ignition and single -phase excita- 
tion. An example of this type, followed by the English Electric 
Co., is shown diagrammatically in Fig. 36. The initiation of 
the cathode-spot in the mercury pool — the operation referred 
to as ignition — is performed by means of a special electrode 8 
of light construction, the free end of which normally dips into 
the mercury cathode C. This electrode carries a small arma- 
ture N, which is attracted by an electromagnet M, situated 
immediately above it, as soon as the latter is energized from 
the secondary winding T of an auxiliary transformer. As the 
ignition electrode is in series with the solenoid of the electro- 
magnet, the ignition circuit is interrupted at the mercury sur- 
face when the free end of the electrode is momentarily Lifted 
out of the cathode pool. The spark produced in this way is 
then immediately transferred, in the form of a small arc, to a 
pair of auxiliary anodes E, which are continuously excited at 
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low voltage — the process referred to as excitation — ^from the 
transformer winding T via the stabilizing resistances R, The 
excitation arc thus established serves to maintain the cathode 
spot at no-load and very light loads, when the current passing 
from the main anodes A to the cathode C falls below the mini- 
mum value necessary for keeping up the temperature of the 
cathode spot. Included in the excitation circuit is the energiz- 
ing coil L of the ignition cut-out relay, whose contacts F are 



Fig. 36. Ignition and Excitation Circuits for 
Gdass-bulb Bectifiers 
English Electric Co. 


in series with the ignition solenoid. As soon as the excitation 
arc is established, therefore, this relay lifts and permanently 
interrupts the ignition circuit. An electromagnetically- 
operated ignition device is also used in Hewittic rectifiers, 
but the excitation circuit differs slightly from that of Fig. 36 
in that excitation anode chokes take the place of the ballast 
resistances R. In the case of Bruce-Peebles rectifiers, the 
ignition electrode takes the form of a bi-metal strip which 
bends upwards when heated by the passage of the ignition 
current. 

In cases where the output of the rectifier unit is below about 
20 kW, and where the equipment is designed to operate from 
a low-tension alternating-current supply, it is customary to 
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place the main transformer in the cubicle along with the 
remainder of the equipment. An example of this arrangement 
is shown in Tig. 37, illustrating a 40-A 100-volt rectifier unit 
for supplying the projection arc in the operating room of a 
small cinema theatre. This particular equipment incorporates 
a small rectifier bulb requiring no fan to produce forced cool- 
ing, so that the cubicle is panelled throughout (with the 
exception of the door of the bulb 
compartment) in expanded metal to 
facilitate the natural ventilation of 
the equipment. 

Steel-tank Rectifiers. It is because 
of the inherent limitations of the 
glass-bulb rectifier arising from me- 
chanical weakness of the glass, as 
w^ell as from difficulties in cooling 
large bulbs uniformly, that the steel- 
tank design has been developed for 
unit outputs in excess of about 500 A, 
when this type of container com- 
mences to be an economic proposi- 
tion. There are now several makes 
of steel-tank rectifiers being manu- 
factured in Great Britain, and their 
construction presents many features 
common to all. The differences 
between the various types are 
largely matters of detail, such as 
anode construction, the ignition and 
excitation system, vacuum seals, and 
the arrangements for cooling and 
condensing the mercury vapour, for 
example. The general appearance of the steel-tank type of 
rectifier is clear from the photographs in Figs. 38, 43, and 46, 
which are representative of modern British practice ; whilst 
the main features distinguishing the several makes will be clear 
from the sectional drawings in Figs. 39, 44, 45, and 47. 

English Electuic RECTmER. From the internal arrange- 
ment of the English Electric Co.’s 4 000-A* rectifier depicted 



Fig. 37a. RECTiriEB UmT 
Incorporating Main Trans- 
former IN THE Cubicle 
E xternal view 
English Electric Co. 


* In all eases where the ampere-rating of a rectifier is mentioned, the 
current output given refers to the maximum continuous rating. The peak 
rating is, generally, from two to three times this figure. 
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in Fig. 39, it is seen that, in common with other makes, it has 
a water jacket surrounding the cathode and the vacuum 
chamber or rectifier tank proper, from which latter both the 



Fig. 37b. Rectifieb Unit Incobpobating Main Tbanseobmee 
IN THE Cubicle 

View showing withdrawable equipment in lower compartment 
English Electric Co. 


anodes and the cathode are carefully insulated so as to pre- 
vent any tendency for the current arc to wander to the bottom 
or sides of the tank. In addition, a water jacket covers the 
central portion of the anode plate ^ as the heavy boiler-plate 
cover of the vacuum chamber is called ; although in the smaller 
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sizes of English. Electric Co.’s rectifier this extra cooling-water 
space is dispensed with. The vacuum tank is constructed of 
a special quality of sheet iron that has been found to resist 
the action of mercury vapour and to facilitate the maintenance 
of a consistently good vacuum. All the seams are carefully 
welded by normal oxy-acetylene processes to ensure that they 
are absolutely airtight. The outer casing, seen also in Fig. 38, 



Fig. 38. 4 000-A Steel-tank Rectifier Unit 
English Electric Co. 


is a cylindrical, electrically-welded tank of boiler plate which 
constitutes the main structural member of the rectifier. It not 
only supports the vacuum chamber, which is removable as a 
complete unit without destroying the vacuum {of. Fig. 40), 
but also carries the accessory equipment required for main- 
taining and controlling the vacuum. At the base of the vacuum 
chamber is the cathode, consisting of a steel vessel containing 
mercury and having a space on its under side for the circula- 
tion of cooling water. Any tendency for the arc to leave the 
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mercury cathode is prevented by fitting a quartz cylinder of 
suitable height in the cathode container, which device also 
serves to protect the porcelain cathode insulator from the heat 
of the cathode spot. 



Fig. 40. Vacuum Chambee. oe English Electric Steel-tank 
Rectifier 
English Electric Co. 


The characteristic feature of the English Electric Co.’s design 
of steel-tank rectifier is the internal water-cooling system, the 
function of which is to ensure rapid condensation and definite 
circulation of the mercury vapour generated at the cathode. 
It consists of a series of concentric cylindrical coolers supported 
from the anode plate and situated in the main vapour space 

5— (T.6) 
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within the ring of anodes (c/. Fig. 42). As will be apparent 
from the diagram (Fig. 41), this special cooling system con- 
stitutes a kind of suction pipe above the cathode, whilst its 
arrangement is such as to provide a definite path of stream- 



PiG. 41. Intebnal Water Cootrao System or English 
Electric Steel-tank Rectifier 
English Electric Co, 


lined and non-turbulent flow for the mercury vapour ejected 
from the cathode, and thus to preclude the danger of back- 
firing due to clouds of mercury vapour, such as are generated 
during sudden overloads, finding their way into the arc spaces 
inside the anode shields. 
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The entire anode structure, of which an example is shown 
in Fig. 42, is designed, as in the case of other makes of rectifier 
also, from the standpoints of minimizing the occurrence of 
back-fires and of withstanding the stresses that arise during 



Fig. 42 . Top-plate Assembly op English Electbic 
Steel-tank Rectipiee 
English Electric Co. 


heavy overloads. To this end graphite anode heads are used, 
as experience has shown that modern processes of producing 
electro-graphite furnish an anode material giving the best 
results, not only as regards freedom from the tendency to 
cause condensation of the mercury vapour at the anode sur- 
face, but also from the point of view of being able to with- 
stand the continually varying thermal stresses that arise. 
The anode head is screwed on to a solid iron shank, welded to 
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a steel tube wMcIl passes through an insulator in the anode 
plate. The upper end of this tubular anode shaft terminates 



Fig. 43. General Arrangement oe a B.T-H. 2 000-A, 
600-V Rectifier 


A — Main anode 

B = Water-cooled anode radiator 
C ®= Water-circulating pump 
JD = Driving motor 


B = Mercury vapour pump 
F = Inter-stage reservoir 
G = notary vacuum pump 
M = McLeod vacuum gauge 


British Thomson-Bouston Co. 


in a flange to which is bolted the oil-cooled anode radiator and 
the cable terminal. The anode stem is insulated down to the 
head by a porcelain sleeve, and finally by a quartz collar which 
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serves to protect the porcelain from the heat generated at the 
anode. And in order to prevent condensed mercury from 
coming into contact with the hot anode, the latter is sur- 
rounded by a cylindrical anode sheath of special iron ; whilst 
a deflecting hood or baffle is fitted over all the anodes to direct 
the condensing mercury towards the walls of the vacuum 
chamber. The insulated anode sheath also serves to neutralize 
space charges in the vicinity of the anode, in which function it 
is assisted by a special metal grid* supported inside the sheath. 

Bbitish Thomson-Houston Rectifieb. The British Thom- 
son-Houston rectifier, of which Big. 43 illustrates a recent 
example, follows similar compact lines of design, with the 
minor exception that the rectifier unit is supported upon insu- 
lating pedestals, instead of upon wheels. The internal arrange- 
ment of this type of rectifier is shown in Fig. 44, from which 
it is seen that a single cooling cylinder is employed for 
condensing the mercury vapour generated at the cathode, 
projecting through the anode plate in the form of a dome 
located inside the ring of anode radiators. These latter are of 
the water-cooled type and are of very liberal dimensions. This 
design of rectifier is characterized by its rather shallow and 
squat vacuum tanl^, the seams of which are welded by the 
atomic hydrogen process. 

Bbuce-Pebbles Rectifieb. In the Bruce-Peebles steel- 
tank rectifier, illustrated in Fig. 45, it is noteworthy that the 
internal cooling system is replaced entirely by a high water- 
cooled dome mounted on the anode plate. In order to guide 
the rising stream of mercury vapour, two funnebshaped bafdes 
of sheet-iron are provided, mounted on insulators, above the 
cathode. 

Genebal Electbic Rectifieb. The General Electric steel- 
tank rectifier, shown in Figs. 46 and 47, is again of squat design, 
and has a wide but shallow cooling dome which provides the 
means for condensing the mercury vapour issuing from the 
cathode. In the more recent examples of this design, the 
equipment for maintaining the rectifier vacuum is secured to 
the anode plate. 

Vacuum Seals, One of the most important details in a steel 
tank rectifier is the sealing in a thoroughly air-tight and dur- 
able manner of the unavoidable joints in the walls of the 

* Not to be confused with the control grid additionally provided in the 
case of grid -controlled steel-tank rectifiers. 
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vacuum chamber as a whole. These comprise the top plate, 
the main and auxiliary anode inlets, and the opening for the 
cathode. It is clearly not an easy matter to devise a seal that 



Fig. 44. Sectional Arrangement of B.T-H. Steel-tank 
Rectifier 

British Thom^on^Mouston Co, 


is both effective and permanent under the influence of a high 
vacuum and exposure to mercury vapour, and which is at the 
same time free from material that will exude gases or vapour 
of any kind. The three main types of vacuum seal employed 




Fig. 45. Skctiokal Akbangemekt of Bbijce-Peebles 
Steel-tank Rectifier 

1 = Ignition gear 6 = Excitation anode 

2 == Vacuum cock, connection to 7 = Anode sheath 

vacuum pumps 8 == Anode bushing ~ 

3 ™ Anode cooler 9 = Mercury cathode 

4 = Main anode 10 == Cathode insulator 

5 ~ Ignition rod 11 = Insulating feet 

Bruce-PeebleB <£; Co* 
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in British rectifier practice are illustrated in Fig. 48 in con- 
nection with the sealing of the anode inlets. 

The mercury seal, shown diagrammatically in Fig. 48 {a), 
comprises an asbestos packing ring c, located at the base of 



Fig. 46. 2 500-A Steel-tank Rectifier 
General Electrio Co. 


a circular recess in the anode plate a, and compressed by 
spring pressure (not indicated in the diagram) applied to the 
anode shaft h. The packing ring is sealed o£E from the atmo- 
sphere by a layer of mercury g, kept in place by means of a 
rubber washer e held by the flange d. The sealing mercury is 



Fig. 47. Sectional Areangement oe G.E.C. Steel^tank 
Reotifibe 


A = Vacuum chamber 
B = Water tank 
C = Cathode water jacket 
D ” Quartz cathode shroud 
B = Mercury cathode pool 
F “ Anode plate 
G = Vitreous seal 
E ~ Main anode head 
Hi ~ Auxiliary anode head 
K “ Anode radiator 
L ~ Anode shield 
M Condensing dome 
N •= Water jacket 


0 = Top plate 
P = Vacuum cock 
<3 = Ignition solenoid 
R = Ignition anode 
S = Auxiliary anode seal 
T = Bedplate 
U = Supporting insulator 

V = Cooling water inlet 
W — Cooling water outlet 
Z = Anode cable socket 

Y - Cathode insulator 

Z = C.W. connection to anode 
plate 


General Electric Co. 




(a) Mercury seal 
Bruce-Peebles <& Co, 

j-lexible Iron Rings. 
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poured into the gauge-glass /, which latter serves to indicate 
the quality of the seal by the level of the mercury. 

The rubber seal (Fig. 48 (6) ) is of a more simple and flexible 
type. It is, in effect, a wide ring of high quality and specially 
treated rubber reinforced on the vacuum side — in the same 
way as a gas-tight joint — by a thin and flexible iron V-ring. 
By virtue of its simple design, this type of joint greatly facili- 
tates the erection and dismantling of such vacuum connec- 
tions. It possesses the further advantage of being robust in 
construction, whilst experience extending over the past twelve 
years has proved it to be perfectly vacuum -tight.* * *** A more 
recent seal, also ' of the permanent type, is the vitreous seal 
depicted in Fig. 48 (c). Here a number of thin mild steel cones 
b are held between top and bottom members a and d. These 
cones are separately enamelled with a special glass c, which 
has the same coefficient of expansion as mild steel. After 
assembly of the cones and top and bottom members, the whole 
is fused up solid in an electrically -heated oven. The result is 
a mechanically strong unit having, in addition, a very high 
dielectric strength. This particular seal is employed in con- 
nection with an improved metal-to-metal joint — of the tongue- 
and-groove type — at the surface of the anode plate. 

Maintenance and Indication of the Vacuum. No matter how 
tight the vacuum seals, or how free the rectifier from ah leakage, 
a gradual liberation of occluded gas from the inner surfaces of 
the vacuum tank is bound to take place during operation. 
These gases must be continuously removed from the vacuum 
chamber if the rectifier is to function correctly. The pumping 
system usually employed for this purpose consists of a high- 
speed mercury-vapour diffusion pump operating in conjunc- 
tion with an oil-sealed rotary exhauster. The former gives the 
necessary high pumping speed at very low pressures, whilst 
the latter provides the preliminary vacuum for the efficient 
working of the mercury pump. In some designs of pumping 
system a barometric seal is incorporated, arranged between the 
two pumps, which automatically closes off the vacuum tank 
from the outer atmosphere when the rotary pump is shut down. 
The general arrangement of such a vacuum pumping system is 
shown diagrammatically in Fig. 49. In another arrangement 

* The author can recall a case where a 4 000-A rectifier, after standing idle 

for fifteen months, was found to have lost vacuum to the extent of only 

150 microns. 



Vacuum Cock. 



English Electric system 
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an interstage reservoir is provided between the pumps, to- 
gether with a solenoid-operated non-return valve close to the 
rotary pump, by means of which it is possible to shut down the 
latter for a large portion of the working time of the rectifier. 

The mercury diffusion pump functions in much the same 

From, Rectifier 



Fig. 50 . Vacuum Pumping Systems eob Steel-tank Rectipiebs 
B ritish Thomson-Houston diffusion pump 


way as a steam ejector. Mercury is vaporized in a boiler at 
the bottom of the pump, and in rising and passing through 
several jets — ^from two to four, depending on the required 
pumping capacity — extracts gases from the rectifier via the 
upper part of the pump, after which it condenses and finally 
returns to the boiler. The mercury-vapour pump shown in 
Fig. 49 has a boiler surrounded by a resistance-type heating 
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element embedded in ceramic material. In the design of pump 
illustrated in Tig. 50, an induction type of heating system 
is used in which the annular mercury boiler acts as the 
secondary of a small transformer. In this way the heat is 
generated in the boiler itself, so that the primary winding of 
the transformer runs quite cool. Pig. 51 illustrates the way 
in which the mercury level is automatically controlled. 

The rotary pump employed as the preliminary vacuum 


V\Qter~ cooled Vacuum ripe, 
mo'iritoineel colder than 
rectifier under all conditions 



to 

Pump. 


Pump 


Fig. 51 . Vacuum Pumping Systems fob Steel-tank Kectifiebs 
Automatic control of mercury level 
British Thonison-Eouston Co. 


pump is normally of the eccentric disc type, with two impellers 
sweeping out a crescent-shaped space, the entire unit being 
immersed in oil and driven either vertically, as in Fig. 49, 
or horizontally, as in Fig. 43, by a small motor at suitable, 
speed. To enable the vacuum pumping system to be dis- 
mantled or examined at any time without destroying the 
rectifier vacuum, a main valve, which in some cases has a 
water jacket, is inserted in the outlet from the vacuum chamber. 
This vacuum valve is usually of mild steel, the conical working 
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surfaces being very carefully ground and polished. To prevent 
possible leakage to atmosphere, these surfaces are sealed oS 
by a layer of mercury covering the top of the valve. 

Indication of the working vacuum in the rectifier is given 
by a direct-reading gauge of the Pirani type. Various forms 
of Pirani gauge are employed by different manufacturers, but 
the working principle is in all cases the same. This system of 
vacuum indication depends upon the fact that at very low 
pressures the heat conductivity of a gas increases with pres- 
sure, so that the temperature, and consequently the resistance, 
of an electrically-heated metal filament situated in the gas is 
a function of the gas pressure. In practice, the metal-filament 
vacuum detector forms one arm of a Wheatstone bridge, and 
the galvanometer is calibrated to read directly in microms. 
The Pirani gauge has the advantage that, being direct reading, 
it can be used to obtain automatic control of the vacuum 
through relays and contactors operating on the vacuum pump- 
ing system. It has the disadvantage, however, of being 
unsuitable for indicating the degree of vacuum encountered, for 
example, during baking-out of the rectifier. In such case, a 
McLeod compression vacuum gauge* is always employed. 
McLeod gauges are also used to calibrate and to check the 
correct reading of Pirani gauges. 

Ignition and Excitation Systems. When discussing the 
physical principles underlying the operation of the mercury- 
arc rectifier, it was seen that means must be provided for 
initiating the current arc and for maintaining it at no-load 
and very light loads. There are two main systems of low- 
voltage auxiliary supply in use for this purpose — the alter- 
nating-current system and the direct-current system. 

The single-phase alternating-current system employed in 
connection with some makes of steel-tank rectifier is shown 
diagrammatically in Pig. 52. As will be seen, it requires 
three auxiliary anodes in the rectifier, besides which special 
cut-out relays are necessary to disconnect the ignition anode 
and its operating solenoid from the supply as soon as the 
excitation anodes pick up the auxiliary current arc. Such a 

* It would exceed the scope of the present book to describe this type of 
vacuum gauge, or the different forms of Pirani gauge available commercially. 
The reader interested in this subject should consult a work dealing with high- 
vacuum technique, such as Vacuum Practice, by L. Dunoyer (Bell & Sons). 
Incidentally, this book gives a great amount of interesting information on 
vacuum pumping systems. 
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single-phase arc is not always so stable that under adverse 
temperature conditions, for example, the rectifier will deliver 
very small currents — a fact not firfrequently observed in the 
case of glass-bulb rectifiers. To obtain a really stable excita- 
tion arc with the alternating-current system, it is necessary 
to resort to polyphase excitation. In the case of one make of 
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Fig. 52. Ignition and Excitation Systems for Steel-tank 
Bectifiers 

Single-phase alternating-current system 

1 = Excitation transformer 7 = Excitation choke coil 

2 == Beturn spring 8 == Excitation resistance 

3 = Ignition solenoid 9 = Ignition resistance 

4 = Excitation anodes 10 and 11 — Ignition relays open- 

5 == Ignition rod and anode ing in the order 10-11 

6 == Mercury cathode 

Bruce-Peebles <& Co, 


rectifier, six-phase excitation is employed, and gives stability 
even with only a voltmeter load. But such systems entail 
added complication owing to the multiplicity of auxiliary 
anodes and vacuum seals. 

The direct-current system, of which an example is shown 
in Fig. 53, has the merit of simplicity in that only one 
auxiliary anode is necessary. It has the further advantage 
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that the excitation arc, being fed with direct current, is abso- 
lutely stable at all loads and temperatures ; and that no relays 
are required to cut off the ignition supply immediately the 
excitation arc is established. On the other hand, this system 
has to be operated from a special source of low-voltage direct 
ciirrent — ^usually from a metal rectifier of the copper-oxide type. 



Direct-current system 
English Electric Co. 


Cooling Water Installations. The energy loss in a steel-tank 
rectifier, manifested by the generation of heat, is dissipated by 
the cooling water which circulates through the water spaces 
provided for the purpose. The quantity of water required for 
cooling depends upon the load, and may be regulated by an 
automatic inlet valve, in turn operated by a thermostat, giving 
close regulation with economy in cooling water, and allowing 
of the accurate temperature adjustment necessary to maintain 
optimum working conditions. 

Where water is scarce or costly, or where it is excessively 
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hard or of a too high electrical conductivity, it is necessary to 
make use of a closed-circuit cooling system. Pure fresh water, 
or even distilled water, is then circulated through a re-cooler, 
which may be either of the air-blast or water-cooled type. 
Fig. 54 illustrates an air-blast re-cooler forming part of a fully 
automatic closed-circuit cooling system and capable of dis- 
sipating 80 000 B.Th.U. per hour. This particular re-cooling 
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Fig. 54. Air Blast Re-cooler for Steel-tank Rectifier 
English Electric Co. 

unit circulates some 670 gal. of water per hour, cooling it 
from 45° C. to 38° C., with an ambient air temperature of 20° 0. 
Automatic control of the re-cooler is effected by a contact- 
making thermometer connected in the pipe line, by means of 
which the fan motor is started and stopped at predetermined 
temperatures of the exit water from the rectifier. 

The cooling water consumption of the mercury-vapour pumps 
associated with steel-tank rectifiers is very small — ^generally 



Fig. 55 . Combined Main and Axjxiliaky Re-cooler Unit 
British Tlrnmon-Mouston Co, 
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less th-an 1 gal. per minute. It is therefore usual to supply 
their cooling jackets direct from the water main in the sub- 
station and to let the effluent water run to waste. In some 
cases it may be required to provide a closed-circuit system for 
cooling the mercury pump, or several such pumps in the case 
of a multi-unit substation. An example of a combined 
re-cooling installation is illustrated in Eig. 55. 

Failure of the cooling water supply to a steel-tank rectifier 
or its associated mercury-vapour pump may be guarded against 

by contact-making pressure 
gauges connected to the ap- 
propriate inlet pipes; whilst 
the chance of overheating, due 
possibly to a sticking main 
inlet valve, may be prevented 
by a temperature relay located 
in the main cooling jacket sur- 
rounding the vacuum tank. 

Smoothing Equipment. The 
output voltage of a rectifier is 
not rectilinear, but contains 
an alternating-current compo- 
nent or ripple due to harmonics 
of the supply frequency. The 
occurrence of this ripple is 
inherent in the rectification 
process* and in most cases its 
presence causes no interfer- 
ence with neighbouring com- 
munication circuits, more particularly telephone lines. At the 
same time, the increasing use of the so-called “all-mains” 
type of wireless receiving set — a necessarily sensitive piece of 
electrical apparatus depending on circuit resonance for its 
correct working — ^has recently drawn attention to the nuisance 
which a rectifier substation may be to a residential area 
supplied from a direct-current network. 

The interference experienced in such cases may be of either 
one or both of two kinds, depending upon whether the source 
of the electrical disturbance is of high or low frequency. High- 
frequency interference is due to harmonics of supersonic 
frequency which are carried by the power current in the mains, 

* Gf. Chapter XIV. 



Fig. 56 . Aiu-cobed Smoothing 
Reactor 
General Electric Co. 
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and. are subsequently re-radiated by the house wiring, to be 
picked up and demodulated by the receiving set. As the 
majority of houses are wired either in conduit or lead sheath- 
ing, which forms of covering are always earthed and thereby 
make re-radiation impossible, this form of interference with 
wireless reception is the less common of the two. Where it 
does occur, however, it is usually recognizable as a continuous 



Fig. 57. Constructional Arrangement of Resonant Shunts 
R esonant shunt circuits for 300 and 600 cycles 
English Electric Co. 


tearing or crackling noise of uncertain pitch — often referred to 
in the language appropriate to radio as mush — ^rendering broad- 
cast speech and music quite unintelligible. It may be cured 
at the source by relatively simple and inexpensive means, e.g. 
by connecting condensers between the anodes and the cathode 
of the rectifier, and between each direct-current busbar and 
earth. On the other hand, low-frequency interference, which 
is due to harmonics of audible frequency carried by the power 
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current in the mains and picked up directly by the audio- 
frequency circuits of the receiving set via the cathode heaters, 
is much more difficult to prevent at the source and its com- 
plete cure is often a costly matter. Although perhaps not so 
objectionable, the distinct hum characteristic of this type of 
wireless interference is equally persistent and distracting, and 
its eradication, therefore, just as essential. 



Fig. 58 . Constbuctional AnBANGBMEisrT of Resonanl Shunis 
R esonant shunt circuits for 300, 600, 900, and i liuO cycles 
British Thomson- JJousto7i Co. 


The risk of such interference can be eliminated either by 
suitable arrangement of the rectifier transformer ; or by means 
of special smoothing equipment comprising a reactor in series 
with the load together with several resonant shunts, tuned to 
the predominant harmonics, connected between the positive 
and negative conductors and on the load side of the series 
reactor. The series reactor may be of either the iron-cored or 
air-cored type. The former is perhaps to be preferred as it 
takes up less space, due to the fact that it may be built after 
the nature of an oil-immersed self-cooled transformer. The 
air-cored reactor has the advantage that its inductance does 
not fall off under overload conditions., as happens with the 
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iron-cored type due to saturation of the core. An example of 
an air-cored smoothing reactor is illustrated in Fig. 56. The 
resonant shunts each consist of a low-resistance reactance coU 



Fig. 59. 500-A. Pumpless Air-cooled Steel-clad Rectifier, 
Suitable for Circuits up to 800 Volts 
General Electric Co. 

in series with a condenser, and form short-circniting paths for 
the several harmonics carried by the direct current flowing 
through the series reactor. Two examples of resonant shunt 
construction are shown in Figs. 57 and 58. 

The complete smoothing circuit is designed to reduce the 
harmonics in the output voltage of the rectifier to a degree 
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commensurate with reasonable immunity from interference. 
It is, naturally, almost impossible to predict beforehand the 
magnitudes of the individual harmonics, as these depend largely 
upon the nature of the load on the rectifier, and are also influ- 
enced by the reactance conditions on the alternating-current 
side. But experience has shown that, provided the smoothing 
equipment reduces the resultant peak ripple to 1| per cent of 



Fig. 60. Diagrammatic Arrangement of Pumpless 
Air-cooled Steel-clad Bectifibr 
General BlectHe Co. 

the mean value of the output voltage, no interference with 
communication circuits is likely to result. 

Steel-bulb Rectifiers. The so-called “steel-bulb” type of 
mercury-arc rectifier — originally developed by Dallenbach* — 
represents a compromise between the claims of the two pre- 
ceding types in that it seeks to combine the simplicity of the 
glass-bulb rectifier with the mechanical strength and the 
greater current output per unit of the steel-tank rectifier. It 
is essentially a self-contained, air-cooled, steel-clad rectifying 
unit whose general construction follows the lines of glass-bulb 
rectifier design, as may be seen from Fig. 59. which illustrates 

* Vide W, Dallenbaoh : Elehtrotechnische Zeitschrift, Vol. 55, 1934, p. 85. 
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a 500-A. steel-bulb rectifier suitable for d.o. supply at pressures 
up to 800 volts. 

In this particular make of steel-bulb rectifier the vacuum 
chamber comprises a cyHndrical steel tank which is enclosed 
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Fig. 61. Typical Pumplbss Air-cooled Rectifier Cubicle, 
SHOWING Auxiliary Gear Accommodated in the Cubicle 
General Electric Co. 

by a cooling duct forming the main supporting structure of 
the rectifying unit. Six tubular steel anode arms spring from 
the base of the vacuum chamber and are carried vertically 
upwards outside the cooling duct. Three short stub arms, 
also located at the base of the vacuum chamber, carry the 
excitation anodes; whilst the ignition anode is suspended 
from the centre of the domed cover (Fig. 60). Ignition of the 
rectifier is effected by means of an external solenoid, which, 
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upon being energized, causes a small mercury container to 
break circuit with the ignition anode, which is fixed. 

The characteristic feature of the steel-bulb rectifier is the 
all-steel construction of the complete rectifier envelope (i.e. 
the vacuum chamber and anode arms). All seams are vacuum- 
tight welds, except the actual anode joints, which are sealed 
permanently by the vitreous-enamel process. As the result, 
the rectifier unit is as durable, from the point of view of main- 
taining its vacuum, as its glass-bulb prototype. Should it be 
found that after years of service the vacuum has deteriorated, 
it can be restored by the use of a portable vacuum-pumping 
equipment. Unlike the steel-tank rectifier, therefore, the 
steel-bulb rectifier req-uires no auxiliary equipment for main- 
taining the vacuum. It has the further advantage that the 
optimum w^orking temperature is maintained by air-blast 
cooling (Fig. 61), so that no closed-circuit water-cooling sjT'stem, 
with its attendant temperature-control devices, is required. 

The maximum rating so far obtainable with this type of 
rectifier is 750 A. at d.c. pressures up to 650 volts, although 
very recent Continental developments seem to indicate that 
units rated up to 4 000 or 5 000 A . will soon be commercially 
available. 



PART II 

CURRENT CONVERSION 

CHAPTER VIII 

THE PHYSICAL PRINCIPLES UNDERLYING THE 
CONTROL OF ARC DISCHARGE DEVICES 

The development of the mercury-are rectifier has been con- 
temporaneous with that of the thermionic valve. And it can 
only be regarded as a natural outcome of the similarity between 
these two classes of electric discharge device that attempts 
should have been made, from the very beginning, to translate 
to the rectifier those principles and methods of control whose 
application to the valve has made possible the institution of 
world-wide services, such as wireless telephony and broad- 
casting, that have become almost a commonplace in our daily 
life. These attempts have only recently been crowned with 
success ; but the consequences of that success are of such 
enormous and far-reaching importance that the development 
of the mercury-arc rectifier is now entering upon an entirely 
new phase, and one so novel in its implications that engineer- 
ing thought is only just beginning to realize its significance 
and to grasp the fact that yet another revolution in electrical 
science is in the course of taking place. The exact nature of 
this revolution — in fact, merely another manifestation of the 
current tendency, in certain directions, for electronics to 
supersede electrodynamics — ^is perhaps best appreciated by 
enumerating briefly the many possibilities in the commercial 
application of rectifier equipment which have been opened up 
by grid control, the term by which this latest development of 
rectifier research is technically known. 

In the first place, grid control of the mercury-arc rectifier 
enables a regulation of its output voltage to be obtained with- 
out the use of extraneous devices, such as the on-load tap- 
changing transformer or the induction regulator. This charac- 
teristic feature of the grid-controlled rectifier is of special 
importance in the supply of large variable-speed, direct-current 
motors. Furthermore, grid control renders possible inverted 

1!»7 
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operation of the rectifier, i.e. the inversion of direct to alternat- 
ing current, a property which not only allows of regenerative 
working in the case of direct-current traction systems, but 
also lends fresh interest to the transmission of electric power 
by means of continuous current at very high voltages. In 
addition, the grid-controlled rectifier affords a simple and 
efficient means of obtaining alternating currents of high and 
variable frequency such as are required for the supply of induc- 
tion furnaces, for example ; whilst such equipment can also be 
made to function as a frequency changer and, in so doing, to 
convert polyphase current to single-phase current, and vice 
versa. Finally, grid control provides a ready method of using 
the mercury-arc rectifier for rupturing heavy power circuits in 
a simple and reliable manner, thus obviating the necessity for 
circuit-breakers . 

Conditions Prior to Arc Ignition. In considering the phy- 
sical principles underlying the above applications of the grid- 
controlled rectifier, it is as well to remember that the technique 
of static apparatus for the handling and control of large powers 
has in practice been limited to two sub-forms of the electric 
discharge device or valve ^er se ; namely, the vacuum valve in 
which the electric discharge occurs in space that is essentially 
free from gas or vapour, and that other type of electric valve 
in which the discharge takes place in a rarefied gaseous or 
vapour atmosphere. All such control valves have certain ele- 
mentary features in common, viz. an incandescent cathode 
surface which constitutes the source of electron emission, one 
or more relatively cold anodes to which the electron stream 
is directed, and a control electrode or grid situated in the 
discharge path between the cathode and each anode. On 
examining the physical behaviour of these valves, however, 
we encounter a definite line of demarcation which at once 
separates the vacuum valve {electron tube), or thermionic recti- 
fier, from the vapour valve {ion tube), or arc rectifier. 

The characteristic operating feature of an electric valve, of 
whatever type, is that the discharge path continually alter- 
nates between a conducting and a non-conducting state. The 
duration of the former condition is referred to as the permeable 
period, whilst that of the latter is known as the impermeable 
period. Let us consider, in the first place, the conditions 
obtaining in the valve when it is non-conducting. We will 
take it for granted that the cathode is at all times able to emit 
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electrons,* and we will assume for the moment that we are 
dealing with a vacuum valve, so that the discharge space is 
free from any molecules of gas or vapour (Pig. 62). Electrons 
in large numbers are then continuously projected from the 
cathode with a high but somewhat varying velocity. These will 
travel towards the anode if they come within the influence of 
an appropriate electric field, such as that created by giving 
the anode a positive potential ; but, if the control grid (Fig. 62 (a) ) 
is at a sufficiently high negative potential they will be repelled 
and driven back into the cathode, this notwithstanding the 
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Fig. 62. The Influence of a Control Grid on the Travel 
OF Electrodes from Cathode to Anode 

(a) r.ecTfitive potential 

(b) n; potential 

a = Anode 6 == Control grid c = Cathode 
Siemens- Schuchert Werlce 

positive, and therefore attracting, potential of the anode. The 
reason is that the anode is effectively screened by the control 
grid, which is specially designed with this object in view. In 
other words, the flow of current through the valve, constituted 
by the streaming of electrons from cathode to anode, can 
be interrupted completely if the repelling influence of the 
negatively-biased grid exceeds the attracting influence of the 
positively-charged anode. 

* Whether the electron emission arises from the heating of a solid cathode 
to incandescence by external electrical means (as in thermionic rectifiers and 
so-called hot-cathode types of vapour-arc rectifiers), or from the maintenance 
of a cathode-spot by the passage of an auxiliary current through the surface 
of a liquid cathode (as in the mercury-arc rectifier), is quite immaterial to 
the issue here. 
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If the negative bias is now reduced somewhat (Fig. 62 (6) ), 
but to a value still permitting the net repelling effect of the 
grid to preponderate over the attracting influence of the anode, 
only those electrons which are projected from the cathode with 
a velocity higher than the average will be able to pass through 
the grid and reach the anode; and as the negative potential 
applied to the grid is reduced still further, an increasing pro- 
portion of the electrons emitted by the cathode will travel 
towards the anode. For any given positive anode voltage, 
however, there will always be a large proportion of electrons 
which can never penetrate the grid, even when its potential is 
positive ; the reason being that, although the effect of the grid, 
like that of the anode, is to attract the electrons leaving the 
cathode, the cloud of electrons travelling continuously towards 
the grid constitutes a negative space-charge which exercises a 
repelling influence upon the ever-fresh electron stream issuing 
from the cathode surface. The saturation current of the valve 
is only reached with very high positive values of anode and 
grid potentials, when all the electrons leaving the cathode are 
caught by the electric field ; its magnitude is determined only 
by the finite capacity of the cathode for emitting electrons, 
i.e. by the nature, design, and temperature of the cathode. In 
the case of the vacuum valve, then, the introduction of a con- 
trol grid causes the valve to behave like a variable resistance. 
By altering the potential applied to the grid it is possible to 
vary directly the magnitude of the current flowing through 
the valve. The control exercised by the grid is, therefore, 
continuous ; and the transition from the impermeable to the 
permeable state is consequently not only of a gradual, but 
also of a reversible nature. 

Considering, as before, the discharge path to be in the non- 
conducting state, let us now observe the effect of introducing 
a small amount of gas or vapour into such a valve (Fig. 63). 
Instead of a vacuum of the order of millionths of a millimetre 
of mercury column, we then have a partial vacuum in the valve, 
corresponding to a gas or vapour pressure of only a few microns.* * *** 
If the anode potential is negative, or if, with a given positive 
anode potential, the control grid has a strongly negative 
potential bias (Fig. 63 {a ) ), the electrons cannot leave the cathode 

* 1 micron = 0-001 mm. Hg. There has recently been a tendency on the 

Continent towards establishing the tor (after Toricelli) as a measure of the 

degree of vacuum, this new unit being defined by 1 tor = 1 mm. Hg. 



CONTROL OF ARC DISCHARGE DEVICES 141 


region. Consequently no current flows through the valve, and 
the resistance of the discharge path is infinite. At the same 
time there is no ionization of the innumerable vapour mole- 
cules scattered throughout the discharge path, so that the dis- 
tribution of the electric field is determined solely by the charges 
at the surfaces of the anode, grid, and cathode, and is un- 
affected by space-charge considerations. 

As the negative potential applied to the grid (Fig. 63(6) ) is 
reduced, a few electrons are able to penetrate the grid and 
reach the anode, as was the case in the vacuum valve ; and by 



Fig. 63. Field Distribution in the Grid -controlled 
Rectifier 

(а) strong negative grid bias (before ignition) 

(б) Reduced grid bias (Igri’tion imminent) 

(c) Strong negath •• ii:*i : i'i.-i.- - after ignition) 

Siemens- Schuckert Werke 


virtue of their necessarily high velocity these electrons gen- 
erate positive ions, by collision with neutral molecules, in the 
course of their travel through the rarefied vapour atmosphere.* 
As long as the reduction in negative potential is not too great, 
the ionization of the discharge path will be comparatively 
feeble — in the case of mercury-arc discharge devices this con- 
dition is represented by currents of a few microamperes only — 
and these positive ions will therefore have but little influence 
on the distribution of the electric field throughout the valve. 
Thus up to this point a gas-filled valve or vapour-arc rectifier 
can be controlled by a grid in exactly the same way as a vacuum 
valve or thermionic rectifier. The only difference lies in the 
degree of control, which is reflected in the curvature of the 
bottom bend of the anode/grid characteristicf as illustrated 

* Of. Chapter II. 

t Generally referred to as the miUitul characteristic in literature devoted 
to the behaviour of wireless valves. 
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by Fig. 64. In the case of the arc rectifier the curvature is 
somewhat greater, due to the presence of gas or vapour in the 
valve. The characteristic can, however, be traversed in both 
directions up to the point corresponding to the ignition of the 
arc discharge. In other words, up to this point the control 
exercised by the grid is both continuous and reversible.* 
Ignition of the Arc Discharge. The rapidly increasing steep- 
ness of the anode/grid characteristic in the region of feeble 
current conduction arises from the fact that the positive ions 
generated in the discharge path create a positive space-charge 

whose effect on the field distribu- 
tion near the cathode is equivalent 
to that of a positive charge on the 
grid. Under these circumstances the 
control grid behaves as if its poten- 
tial were somewhat less negative 
than it actually is, and it there- 
fore allows a larger number of elec- 
trons to pass through it than in the 
case of the vacuum valve. That is 
to say, for a given grid potential 
the valve current will be greater 
in a vapour-arc rectifier than in a 
thermionic rectifier. 

The more the negative grid bias is 
reduced, the greater will be the num- 
ber of electrons reaching the anode ; 
the greater, also, will be the number 
of positive ions generated ; and thus 
the more marked wiU be the action of the resulting positive space- 
charge in reducing the effectiveness of the grid as a controlling 
factor in the distribution of the electric field. Eventually a stage 
is reached where as many positive ions are generated by an elec- 
tron as will suffice, by adding to the weakening effect of the 
positive space-charge on the controlling function of the grid, to 
. let another electron pass through the grid to the anode. This 
essentially unstable condition occurs at a definite value of the 
grid potential, depending on the design of the valve, and known 
as the critical grid 'potential. The generation of further positive 
ions and the liberation of further electrons is now no longer 
dependent on a further reduction of the negative potential 
* Gf. Chapter XIII. 



Fig. 64. Control Character- 
istics OE Electric Valves 

a ~ Vacuum valve 
b ~ Vapour valve 
Siemens- Schuckert Werke 
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applied to the control grid. Cause and effect — electron flow and 
ionization — ^react upon one another to produce a spontaneous 
and accelerating avalanche of positive ions which at every 
instant balances and neutralizes the counterflow of electrons 
emanating from the cathode. The resulting discharge between 
anode and cathode takes place no longer as a simple flow of 
electrons but as a combined movement of electrons and positive 
ionSj that is to say, as an arc discharge. Accordingly, the transi- 
tion of the discharge from an electron stream to a current arc 
(shown in Fig. 64 by the discontinuity in the characteristic) is 
accompanied by a rush of current which is limited only by the re- 
sistance of the circuit external to the valve . The resistance of the 


discharge path is practically zero. 

The outstanding feature of such 
an arc discharge is the fact that 
the status quo cannot be restored by 
reapplying a negative potential to 
the grid. In the case of the vacuum 
valve the change from the non- 
conducting to the conducting state 
effected by grid control is a con- 
tinuous and reversible process, but 



Fig. 65 . Control Character- 
istics OF THE Arc Discharge 
Siemens-Schuckert WerJce 


in the case of the vapour-arc valve 

this change is both discontinuous and irreversible. Once the 
arc is established between anode and cathode the discharge 


current is carried equally by electrons and ions, which arrive at 
the grid at approximately equal rates, so that if a strong nega- 
tive potential is again applied to the control grid (Fig. 63(c) ) the 
decrease in current due to the repulsion of electrons is com- 
pensated for by the increase in current due to the attraction of 
positive ions. The net result, therefore, is nil ; and the grid thus 
ceases to have any influence upon the discharge. In effect the 
presence of innumerable positive ions in the discharge path 
causes a fundamental alteration in the distribution of the electric 
field between anode and cathode. The negatively-biased grid 
attracts these ions, which settle on the grid surface and form 
a positive layer or sheath there which effectively masks its 
negative charge. This characteristic operating feature of the 
grid-controlled arc discharge device is shown diagrammatically 
in Fig. 65, which may be looked upon as being a continuation 
of Fig. 64, but drawn to a very much smaller scale. 

The relation between critical grid potential and anode voltage 


6— (T.6) 
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for various types of discharge device is illustrated by the 
ignition characteristics of Fig. 66. Grid-controlled rectifiers of 
the mercury-arc type exhibit characteristics such as those 
given by curves 1, 2, and 3. Curve 1 relates to small glass- 
bulb rectifiers having short anode arms, whilst curve 2 applies 
to the larger rectifiers of this class having correspondingly 
longer anode arms. Curve 3 refers to steel-tank rectifiers in 
which the arc path is, of course, longer still. Curves 4, 5, and 
6 represent the ignition characteristics of normal vapour valves 



Fig. 66. iGNiTioir Characteristics of Various Types of Arc 
Discharge Device 


of the hot-cathode type, in the majority of which the value of 
grid potential at which ignition of the arc discharge takes place 
depends considerably on the anode voltage. On the other hand 
it is possible to construct such valves so that a characteristic 
like that of curve 7 is obtained.* It is seen from these curves 
that the grid-control ratio, which is defined as the ratio of 
negative grid voltage-increment to positive anode voltage- 
increment that will just allow the arc to establish itself (and is 
thus given by the slope of the ignition characteristic), is seldom 
constant over the operating voltage range as in the case of 
* Cf, Chapter Xtll. 
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vacuum valves,* and may in fact be zero, as shown by curves 2, 
3, and 7. It is, moreover, influenced not only by the disposition 
of the electrodes and by their immediate surroundings, but 
also by the vapour density in the discharge path. In mercury- 
arc rectifiers, therefore, the grid-control ratio is dependent on 
such variable factors as the load on the rectifier, and the local 
conditions obtaining at the anodes. This fact is of paramount 
importance in determining the choice of a particular system of 
grid control, as will be shown later ; but it may be mentioned 
here that the more pronounced this^ dependence of the grid- 
control ratio is upon such factors of rectifier operation, the 
more precise must be the grid-control equipment in deter- 
mining the correct instant of arc ignition. 

The grid-controlled rectifier is thus an electric valve or 
discharge device in which the starting of a current arc can 
be controlled by a grid. Once the arc discharge has com- 
menced, however, the grid has no further control over the arc, 
neither to modulate, limit, nor extinguish it. 

Maintenance of the Arc Discharge. After ignition of the 
arc discharge has taken place the valve is traversed by two 
streams of electrically-charged particles flowing in opposite 
directions. The electrons emitted by the cathode travel 
towards the anode along lines of electrostatic force, while 
the positive ions wander towards the cathode. Although 
practically the entire current — over 99 per cent — is carried 
by the electrons, yet the residual positive ion-stream is a vital 
factor in maintaining the arc discharge. 

As already mentioned, the negative space-charge associated 
with the pure electron discharge, as occurs in vacuum valves, 
functions like a negatively-biased control grid in tending to 
prevent further electrons from reaching the anode. To over- 
come this repelling influence of the electron cloud over the 
cathode very high positive anode potentials are necessary. 
To obtain a current density of 1 A. per sq. cm. in a discharge 
path 1 cm. long an anode potential of 5 500 volts is required 
under the most favourable conditions of cathode configuration ; 
whilst if the distance between anode and cathode is increased 
to 2 cm. the necessary anode potential is as much as 13 800 
volts. Such voltage figures do not by any means represent the 

* In the case of wireless valves, for example, the characteristic valve 
constant is the amplification factor, which is numerically equal to the reciprocal 
of the grid-control ratio as defined above. 
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available e.m.f. in the anode circuit, but are rather the mini- 
mum values consistent with maintaining the discharge. That 
is to say, they actually represent the voltage drop across the 
valve. It is evident that an internal loss of this magnitude 
renders such valves useless for the majority of practical 
applications. 

The presence of a gas or vapour in such a valve, resulting 
as it does in the creation of positive ions, completely changes 
the conditions under which the discharge takes place. The 
space between anode and cathode then contains not only the 
large negative charge of the innumerable electrons, but, with 
a sufficiently high vapour-pressure (about 1 micron for mercury 
vapour), almost an equal number of positive ions. In this way 
the discharge path as a whole takes on a neutral character in 
spite of the fact that it contains vast numbers of charged 
particles of both positive and negative character — a condition 
often referred to as one of quasineutrality. Under this condi- 
tion the negative space-charge effect no longer appears, and 
consequently the necessity for a high compensating anode 
potential no longer arises.* Thus by including a small quantity 
of vapour in the vacuum valve a very considerable reduction 
in the internal voltage drop is obtained; because the anode 
potential need then be only just high enough to ensure that 
the velocity of the electrons leaving the cathode is sufficient 
to produce ionization of the vapour molecules in the discharge 
path. This potential, known as the ionization potential, is 
sensibly independent of the vapour-pressure and is about 10 
volts for mercury vapour; so that, compared with vacuum 
valves or thermionic rectifiers, vapour valves or arc rectifiers 
are characterized by a negligible potential drop across the 
valve — a fact which leads, in turn, to the occurrence of a much 
smaller energy loss in this class of discharge device for a given 
value of discharge current. It is this feature of the arc recti- 
fier which has made it at all possible to handle and control 
heavy currents by means of static apparatus. 

Provided, then, the anode potential remains at a high enough 
value to effect ionization in the discharge path, the arc dis- 
charge will be maintained by the mutual generation of electrons 

* With higher vapour pressures still — of the order of 10 to 100 microns in 
the case of mercury vapour — it is even possible for a poskim space -charge 
to develop in the discharge path. The effect of this is to drag more electrons 
out of the cathode than are withdrawn due to the positive potential of the 
anode alone. 
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and positive ions. At the same time it is to be remembered, 
as was pointed out in Chapter II, that the positive ions, being 
much heavier, travel much more slowly than the electrons; 
so that during the course of its existence a positive ion is able 
to neutralize the negative space-charge effect of several hun- 
dreds of electrons which it may encounter on its passage from 
anode to cathode. In other words, to obtain complete neutral- 
ization it is sufficient if only one electron out of many hundreds 
succeeds in ionizing a vapour molecule, and quite small quanti- 
ties of vapour are thus adequate to achieve this object. It 
would naturally be wasteful of energy, under these circum- 
stances, to permit the generation of more ions than are actually 
necessary to provide complete neutralization of the negative 
space-charge. Such a condition can be avoided as a rule by 
a suitable choice of both vapour and vapour-pressure. In 
general, therefore, since the number of electrons reaching the 
anode which have been generated from neutral molecules in 
the process of ionization is in the proportion of one to several 
hundreds — all the other electrons having been generated by 
the cathode — ^the discharge current in an arc rectifier is greater 
than that carried by the electron stream issuing from the 
cathode.* This surplus is only a fraction of 1 per cent if the 
ionization of the vapour is just sufficient to produce neutral- 
ization of the negative space-charge. But if, as in the case of 
hot-cathode rectifiers, the cathode is capable of emitting only 
a definite maximum number of electrons corresponding to the 
constant temperature of the cathode, then the discharge current 
may not exceed the saturation current of the cathode. Should the 
external circuit demand a current in excess of the limiting 
cathode emission, the condition that practically all the elec- 
trons reaching the anode emanate from the cathode can no 
longer be maintained. To augment the discharge current in 
accordance with the load demand it is necessary that more 
electrons be generated by further ionization; this increase in 
ionization manifests itself as an increased energy loss in the 
rectifier, resulting in excessive positive-ion bombardment of 
the cathode which, in turn, materially shortens its life. On the 
other hand, if the source of electron emission is a cathode-spot 
in a mercury pool there is no inherent limit to the discharge cur- 
rent — at any rate the present state of our knowledge leads us 

* The deficit is, of course, made good by the stream of positive ions flowing 
towards the cathode. 
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to believe that such a source of electron emission is well-nigh 
inexhaustible. 

Extinction of the Arc Discharge. We have already seen that 
once the arc has been established, and its subsequent main- 
tenance by external circuit conditions has been assured, the 
grid can no longer gain control over the distribution of the 
electric field throughout the discharge path — that is to say, 
over conditions which determine whether the state of the dis- 
charge path is to be conducting or non-conducting. Only when 
the arc has been extinguished by removing the anode potential, 
and deionization of the discharge path has taken place, can 
the grid function again to control the re-establishment of 
the arc. 

Any electric discharge is extinguished when the potential 
difference between the electrodes is removed, for the electro- 
static forces accelerating the electric particles to velocities 
enabling further charged particles to be generated through the 
process of ionization by collision, are then made to disappear. 
At the same time the electrons and positive ions present in the 
discharge path at the instant in which the circuit e.m.f. is 
removed tend to remain, and do in fact remain there for a 
very brief but finite period of time. Thus if the interruption 
of the potential supply is only momentary, the discharge may 
continue much as if the e.m.f. had not been removed at all. 
The time interval required to allow the discharge path to 
become rid of its charged particles is known as the deionizing 
period, or time of deionization, and is a function of the nature 
of the discharge path as well as of the processes by which 
deionization takes place. Two means by which the discharge 
path may be deionized are known to exist. Of these two the 
recombination of electrons and positive ions, accompanied by 
mutual neutralization of their electric charges, plays a totally 
insignificant part in arc rectifiers operating at low vapour- 
pressures, such as the mercury-arc rectifier. Deionization is 
almost entirely due to the diffusion of electrons and positive 
ions to the walls of the discharge path, to which they give up 
their charge and where they are adsorbed, whereupon mutual 
neutralization occurs. In grid-controlled mercury-arc rectifiers 
the time required for deionization is of the order of 10 micro- 
seconds, and is seldom more than 100 microseconds. When this 
time has elapsed the arc is completely extinguished, and the con- 
trol phenomena previously described reveal themselves anew. 
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It should be borne in mind, however, that to effect rectifica- 
tion by periodically extinguishing an arc discharge it is not 
essential that the circuit e.m.f. should be entirely removed, or 
even made to fall to a value less than the voltage drop of the 
arc. The same effect can be achieved by reversing the polarity 
of the e.m.f., so that the anode assumes a potential which is 
negative with respect to that of the cathode. For then the 
electric field distribution throughout the discharge path not 
merely prevents electrons from leaving the cathode surface 
but actually forces them back into the core of the cathode; 
thus the electrons can in this case also produce no ionization 
of the discharge path. The generation of further charged par- 
ticles ceases in exactly the same way as when the potential 
difference between anode and cathode is removed. In fact the 
deionization is even more rapid because the residual ions are 
not only destroyed by diffusion to, and adsorption at, the walls, 
but are furthermore neutralized within the zone of the electric 
field. 

The method of arc extinction described above, i.e. by the 
removal of the circuit e.m.f. or by the reversal of its polarity, 
is that universally employed in grid-controlled arc rectifying 
devices. A discharge having once been started by appropriate 
excitation of the control grid may be allowed to continue until 
it is extinguished naturally by the reversal of the electrode 
polarity in the next half-cycle, as in the case of simple rectifica- 
tion of an alternating current ; or, on the other hand, it may 
be forcibly extinguished by the polarity reversal associated 
with the sudden connecting of a condenser across the elec- 
trodes, whereby the instant of arc extinction may be chosen 
at will, as in the case of certain current-convertor applications. 
In concluding this brief study of arc control in electric dis- 
charge devices it is opportune, therefore, to consider why the 
imposition of a negative potential on the control grid does not 
lead to an interruption of the discharge current as occurs in 
the vacuum valve under the same conditions. 

Speaking quite generally, an interruption of the anode 
current will take place whenever a condition arises whereby 
a negatively-biased grid succeeds in countering the cathode 
emission so strongly that electrons are completely prevented 
from penetrating the grid and thus reaching the anode. As 
already mentioned, the reason why this condition does not 
normally arise in mercury-arc current convertors is because 
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the positive ions neutralize the negative charge on the grid in 
precisely the same way that they neutralize the negative space- 
charge of the electrons. This is clearly shown in Fig. 67 . 
Consider, for example, an uncharged grid wire of circular cross- 
section immersed in, and thus completely surrounded by, the 
arc discharge. In its immediate neighbourhood, as everywhere 
throughout the discharge path, there are electrons and ions 
present in very large, and almost equal, numbers. If the grid 
wire now suddenly receives a large negative charge then the 
electrons experience a strong repelling force, whilst the positive 
ions experience an equally strong attracting force. Neglecting 
the latter effect for the moment, because 
on account of their inertia the positive 
ions respond to this force only compara- 
tively slowly, the immediate result of the 
negative grid-charge is a receding of the 
electrons from the vicinity of the grid — 
as occurs in the vacuum valve under the 
same conditions. But in this case the 
space from which the electrons have been 
forced to withdraw is now occupied by 
positive ions ; so that a sheath of ions, or 
positive space-charge, forms round about 
the grid wire. The farther away the elec- 
trons are compelled to recede from the 
grid, the greater becomes the positive 
space-charge between the grid and these 
electrons, and this space-charge screens 
the negative grid-charge more and more as its thickness 
increases. It can be shown* that there is a definite thickness 
of the positive-ion sheath for which the positive space-charge 
is exactly equal to the negative charge on the grid, this 
thickness being further dependent on the positive ion current 
of the discharge. 

The effect of this sheath is to insulate the grid completely 
from the discharge. The electrostatic forces of the grid simply 
cannot reach out into the surrounding space, and there is con- 
sequently no tendency for the electrons to recede still further 
jfrom the grid. Its effective zone of influence becomes wider 
the less the positive-ion density in the discharge path, i.e. the 

* Vide I. Langmuir, Physical Review, 1913, Vol. 2, p. 450; and Langmuir 
and Blodgett, iHd. 1923, Vol. 22, pp. 347-35^ 


+ 



Fig. 67. Positive 
Space-chabge Sub- 
rounding A Negatively- 
charged Grid Wire 
SiemenS’Schuckert Werke 
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lower the vapour pressure. If the grid is made more negative 
still the only result is an increase in thickness of the positive- 
ion sheath, and therewith a widening of the zone from which 
electrons are driven away from the grid : outside this enlarged 
zone the increased negative grid-charge remains just as 
ineffective. 

Strictly speaking, of course, it is not correct to assume, as 
we have done up to the present, that the positive ions remain 
stationary in the space-charge region. Actually, they travel 
towards the grid under the influence of the electric field and 
there give up their positive charge. At the same time other 
positive ions are continuously diffusing from the discharge 
path as a whole into the space-charge region, replacing those 
ions which have already reached the grid. On the other hand 
electrons projected into this region are thrown out again, as 
depicted in Pig. 67 in the case of one such electron. The con- 
dition of a positive-ion sheath surrounding the negatively 
charged grid, with the consequent screening of the grid-charge, 
is thus maintained. The only difference as against the pre- 
viously assumed condition — ^that of a stationary positive-ion 
cloud — ^lies in the fact that we are in actuality concerned with 
a definite and continuous streaming of positive ions towards 
the grid; although the magnitude of this stream, as with all 
positive-ion currents, is a negligible fraction of the discharge 
current as a whole. 

In so far as we have been dealing with the case of an isolated 
grid wire, all of the above considerations rigidly hold good. 
But in regarding the behaviour of the grid as a whole we notice 
an elasticity of the controlling effect which is likely to have a 
most important bearing on the future of the grid-controlled 
rectifier. If a negatively-charged grid — and here the term 
''grid” is used in its widest sense, applying to a mesh of wires 
or bars, or to a perforated plate or sheath — ^is inserted in the 
arc discharge between anode and cathode, two possible condi- 
tions of field distribution may arise, as illustrated by Pig. 68. 
In Pig. 68 {a) each grid wire is independently surrounded by 
a cloud of ions which completely screens it, and the discharge 
is able to pass between them unimpeded and uninfluenced by 
the grid. A grid of this type is consequently not in the posi- 
tion to interrupt an arc discharge. On the other hand, in 
Pig. 68 (6) it is assumed that the individual positive-ion sheaths 
overlap one another, forming a continuous layer from which 
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all electrons are thrown back, as illustrated diagrammatically 
in Fig. 67. Such a grid can lead to the extinction of an arc 
discharge. It is thus a necessary condition of arc interruption 
that the several positive-ion sheaths are of sufficient thickness 
to produce overlapping ; i.e. the negative potential applied to 
the grid must be high and the positive-ion density in the dis- 
charge path must be low. Now low positive-ion density means 
low current density, so that the extinction of an arc by means 



(a) Completely screened grid-charge 



(b) Partially screened grid-charge 


Fig. 68. Field Distribution in the Vicinity of 
Negatively-biased Grid 
Siemens- ScTiuckert Werke 


of a control grid can only succeed under circumstances in 
which the current density in the arc path is of a fairly low 
order. The fact that such densities are very much lower than 
those obtaining in mercury-arc current convertors explains why 
grid control has been limited, in its application to such appa- 
ratus, only to the initiating of the arc discharge,*** although it 
must not be overlooked that in the case of low current densi- 
ties a negatively-charged grid can effect a reduction in the 

* Quit© recently it has been found possible to interrupt a continuous- 
current arc in a mercury-arc rectifier by means of a negatively-charged con- 
trol ^id, but only under somewhat artificial conditions which would seem to 
restrict its practical application. An account of this revolutionary new 
development is given in Chapter XIII. 
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discharge current analogous to that occurring in the vacuum 
valve — a well-known fact illustrated by the operation of the 
ionic amplifier,^ 

The foregoing phenomena have been admirably summarized 
by Hull. To quote him — 

The inability of the grid to control or extinguish the arc is due 
to the formation of a sheath of positive ions about the grid wires, 
which acts like a layer of insulation. Whatever may be the potential 
of its inner surface, i.e. the grid, the potential of its outer surface 
is always that of the discharge. The only effect of making the grid 
negative is thus to increase the effective diameter of its wires. In 
other words, a negative wire is equivalent to a slightly larger wire 
at zero potential. If the thickness of the sheath is small compared 
to that of the wire, as is usually the case, it is evident that a nega- 
tive or sheathed grid will not be very different from an unsheathed 
grid, i.e. an uncharged grid, and hence making a grid negative will 
not greatly influence the arc. If, on the other hand, the sheaths 
are made so thick (by reducing the current density) that they 
touch, thus completely obstructing the arc path, the arc will be 
extinguished ; and if they nearly touch, making the arc path very 
narrow, the arc may be reduced. 

This last is the principle of the continuously-controlled arc 
upon which depends the operation of the ionic amplifier — a 
type of valve to be described in a subsequent chapter. 

In grid-controlled arc rectifiers, then, the discharge is 
carried equally by electrons and positive ions, and takes place 
in a rarefied gas or vapour at pressures of the order of thou- 
sandths of a millimetre of mercury colunm. By reason of the 
absence of any negative space-charge effect, such discharge 
devices are characterized by low internal voltage drop in con- 
junction with high current output. In the mercury-arc recti- 
fier, for example, currents of 10 000 to 20 000 A. can be obtained 
with an arc drop of only 30 or 40 volts. 
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CHAPTER IX 

GRID-CONTROL SYSTEMS AND APPARATUS 

The finality or otherwise of the solutions offered by mercury- 
arc current convertors to the varied problems in electrical 
engineering to which such apparatus has been successfully 
applied depends more on a choice of the grid-control system 
than upon any other single factor. The method of control 
employed has not only to be in harmony with the particular 
application of the current convertor but must, in addition, be 
in keeping with the conditions under which the equipment has 
to operate. 

General Considerations. In general, the function of any 
system of grid control is to permit the establishment of a cur- 
rent arc at the anodes of a current convertor at a predetermined 
instant in the anode voltage-cycle by the application of a 
positive potential to the individual control grids, and to pre- 
vent the re-establishing of the arc at some other instant by 
the subsequent application of a negative grid bias. The former 
potential is usually referred to as the liberating voltage ; whilst 
the latter is generally known as the blocking potential. In the 
case of mercury-arc current convertors values of liberating 
potential between 25 and 150 volts are employed in practice, 
the corresponding blocking potentials varying from about 100 
to 300 volts. The values of grid current vary from 10 to 50 mA 
in glass-bulb rectifiers, and from 200 to 500 mA in steel-tank 
rectifiers. 

The method of controlling a power arc by means of a grid 
situated in the arc path appears to have been first suggested 
in 1914 by Langmuir,* who showed how to control the time of 
starting of the arc in each cycle of anode voltage by the use 
of a variable grid voltage. The most convenient — one might 
say the obvious — ^way of obtaining synchronism between the 
application of the liberating grid potential and the alterna- 
tions of the anode voltage is to employ an alternating grid 
voltage. Assuming this voltage to have a sinusoidal wave- 
form the conditions under which the grid “liberates” the arc 
discharge may be seen from Fig. 69. From the diagram it is 
* U.S. Patent No. 1,289,823. 
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clear that as soon as the instantaneous value of the alternating 
grid voltage becomes equal to the critical grid potential g, 
ignition of the arc discharge takes place. The instant in the 
anode voltage-cycle at which the arc is established thus corresponds 
to the point of intersection of the grid-excitation curve and the 
ignition line. This is the fundamental principle underlying 
every system of grid control. The inaccuracy of any system 
employed depends, in practice, upon the degree of freedom of 
this point of intersection as measured along the time-base of 
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Fig. 69. Ignition of the Arc Discharge 


abscissae. If this point can be kept fixed with respect to any 
time -origin — the instant at which the anode voltage has zero 
value and is increasing, for example — then the instant in the 
voltage-cycle at which the arc is established at that particular 
anode will be invariable in phase. 

As already mentioned in the previous chapter, however, the 
critical grid potential is not constant in a mercury-arc rectifier, 
but varies considerably with alterations in the load and with 
the temperature conditions inside the rectifier. As the result, 
the ignition line of Fig. 69 is not fixed with reference to the 
cathode potential, so that the point of intersection of the grid- 
excitation voltage with the ignition line is variable in its phase 
position. The consequences of this particular operating feature 
will be later explained in some detail. 

Phase-shift Control. Subsequent to Langmuir’s investiga- 
tions, the study of grid control was taken up in 1922 by 
Toulon,* who improved the method hitherto employed by 
applying a sinusoidal voltage to the control grid and varying 
* U.S. Patent No. 1,654,949. 
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its phase with respect to the anode voltage. As in all grid- 
control systems, its modus operandi is based on the funda- 
mental principle that the average value of the rectified anode 
voltage — in other words, the direct-current output voltage 
from the rectifier — depends on the instant in the positive half- 
cycle of anode voltage at which ignition of the current arc 
takes place. 

Pig. 70 illustrates three stages in this essentially phase-shift 
method of grid control. Referring to the upper diagram, it is 
seen that when the grid-excitation voltage is in phase with 
the anode voltage practically the whole positive half-wave is 
utilized during rectification, and consequently the rectifier 
delivers current throughout almost the entire half-cycle. Igni- 
tion of the arc takes place at the instant corresponding to 
a>t = ai, where = 0 and cot = tt represent the instants in 
the cycle where the anode voltage e = {'\/2)E sin cot is equal 
to zero. The angle a by which the arc ignition is delayed 
beyond the earliest possible instant in the anode voltage-cycle 
is known as the ignition angle. If this angle is increased to the 
value denoted by ag in the middle diagram, the instant of arc 
ignition is considerably retarded. In this case only part of the 
available half-wave of anode voltage is utilized during rectifica- 
tion, so that the rectifier delivers current throughout a portion 
only of the positive half-cycle. The direct-current output volt- 
age from the rectifier, that is, the average value of the useful 
part of the anode voltage-wave, is consequently reduced in 
proportion. On still further retarding the instant of arc igni- 
tion, corresponding to the ignition angle ag, a condition is 
reached in which the grid-excitation voltage is in antiphase 
with the anode voltage, as shown in the lower diagram of 
Pig. 70. With such a large relative phase displacement the 
portion of anode voltage available for rectification is almost 
nil; practically no current is delivered by the rectifier, and 
the output voltage is very nearly zero. 

This particular method of grid control has the great merit 
of simplicity as regards the apparatus employed to supply the 
grid excitation. As shown on Pig. 71, the grid-control gear 
consists only of a small induction regulator, the primary of 
which is fed from an auxiliary alternating-current supply 
(which must be in synchronism with the power supply to the 
rectifier anodes), whilst the secondary is connected to the 
several control grids through appropriate current-limiting 




Fig. 71. Grid -excitation System for Phase -shift Control 
George Newnes Ltd. 
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resistors. The rating of this special grid-phase regulator is 
usually less than 100 VA, and the apparatus lends itself readily 
to fully-automatic or remote supervisory control. 

Bias-shift Control. An alternative method of grid control, 
and one having the same effect as Toulon’s method, was 
developed by Mittag in 1925. With this system the requisite 
control of the ignition instant is obtained by means of an 



Fig. 72 . Bias-shift Control 


adjustable bias potential superimposed on the sinusoidal grid- 
excitation voltage, the relative phase position of which remains 
unaltered. This bias-shift method of grid control is illustrated 
in Fig. 72. With a positive grid bias, as in the upper diagram, 
the ignition is fully advanced and the output voltage from the 
rectifier is a maximum. With zero bias potential on the grid, 
as shown in the centre diagram, the ignition instant is retarded 
to the middle of the half-wave of anode voltage, so that volt- 
age delivered at the direct-current terminals of the rectifier is 
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reduced to half its normal value ; whilst in the case of negative 
grid bias, as illustrated by the lower diagram of Fig. 72, the 
ignition is fully retarded, and the rectifier voltage is conse- 
quently zero. 

Like the phase-shift system, the bias-shift system of grid 
control also has the merit of simplicity as regards the grid- 
excitation apparatus. As may be seen from Fig. 73, the 
grid-control gear consists of a small potential transformer in 
conjunction with a potentiometer regulator. The moving arm of 
the potentiometer is connected to the neutral point of the grid 
excitation transformer, and its position thus determines the 



Fig. 73 . Grid -excitation System eoe Bias-shiet Control 
George Neumes Ltd. 


potential bias given to the control grids. Here again the rating 
of the transformer is of the order of a 100 VA, whilst the 
control potentiometer can readily be adapted to automatic 
operation. 

Grid-leak Control. An interesting system of grid control 
developed recently by Messrs. Siemens-Shuckert is that known 
as grid-leak control, by analogy with the demodulation pro- 
cess which takes place in broadcast receiving apparatus employ- 
ing grid rectification. This system of control makes use of a 
variable direct-current potential, or inclined potential, on the 
grid, obtained by charging a condenser through a small rectifier 
of the metal-oxide type, and allowing the charge to leak away 
through a resistance whose value can be varied at will. The 
arrangement is shown in Fig. 74 as applied to one rectifier 
phase. The corresponding voltage conditions are illustrated 
by Fig. 75. 
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The operation of the grid-leak system of control is best 
understood by considering the limiting conditions determined 
by zero and infinite values of the grid leak. If its value is 
infinite, then the condenser G will be charged up to the maxi- 
mum negative value of the secondary phase-potential of the 
rectifier transformer, since the inclusion of the metal rectifier 
F prevents the flow of charging current during the positive 
half-cycle of anode voltage. The control grid, being connected 
to the condenser, thus attains the same negative potential. 


N 



which is maintained indefinitely if the losses in the grid circuit 
be neglected. On the other hand, if the value of the grid leak 
R is zero, so that the metal rectifier is virtually short-circuited, 
the condenser has applied to it the alternating anode voltage. 
Consequently the potential of the grid is at all instants the 
same as that of the corresponding anode. 

These two conditions of grid voltage are indicated by JB = oo 
and i? = 0 in Fig. 75. For grid-leak values between these 
limits, the grid potential rises from its initial negative value 
more or less slowly according as to whether R is small or large. 
The point of intersection of the inclined grid-potential line 
with the ignition line can thus be varied by regulating the 
value of the grid leak i?. In Fig. 75, three such points of inter- 
section a, b, and c, are shown corresponding to the ignition 
angles a^, and ag. By a suitable choice of values for G and 
R the time constant of the grid circuit can be varied, and the 
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inclination of the grid-potential line altered, so that the entire 
range of intersections from a to d can he obtained as with the 
two previous methods of grid control. 

Merits of Impulse Control. All the foregoing systems of 
grid control suffer from the common disadvantage that they 
do not permit of very exact determination of the ignition 
instant. 

This drawback is accounted for by the fact that, in a mercury- 
arc rectifier equipped with control grids, the critical ignition 


r — 



Fig. 75 . Vabiation of Ignition Angle a with Diffebent 
Values of Grid -leak Resistance R 

voltage is not constant, but varies with the load and also with 
the temperature conditions inside the rectifier. As the result, 
the ignition line of Pigs. 70 and 72 is not fixed with reference 
to the cathode potential. And hence for a given degree of grid 
control, i.e. for a given ignition angle, the point of intersection 
of the grid-excitation voltage with the ignition line is variable 
in its phase position. 

This unwanted feature is illustrated by Pig. 76, from which 
it is seen that quite an appreciable variation in the direct- 
current voltage may arise without any alteration having taken 
place in the setting of the grid-control apparatus. In the dia- 
gram the ignition line XX, corresponding to the critical grid 
voltage g at full load, is intersected by the grid-excitation 
voltage at the point A which, in turn, corresponds to the igni- 
tion angle a, determined by the setting of the grid-control gear. 
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Under these conditions the rectified portion of the anode volt- 
age wave is represented by the area MNP ; whilst the voltage 
obtained from the rectifier, being the mean value of this area 
over the period T, is represented by V. If the rectifier is sub- 
jected to an overload, for example, the critical grid voltage 
increases to a value g', for which the corresponding ignition 
line is X'X\ The point of intersection with the grid-excita- 
tion voltage now occurs at the point 5, for which the corre- 
sponding ignition angle is a'. Under this overload condition, 
then, the rectified voltage is represented by the reduced area 
QRP, giving a reduced output voltage, represented by F'. 

The net loss in output voltage due to the change in ignition 
angle from a to a' is thus represented by the mean value of 
the area MNRQ over the period T, and may amount to as 
much as 5 per cent in certain cases. And as this loss occurs 
over and above the natural drop in voltage, due to the falling 
regulation characteristic of the rectifier unit as a whole, it is 
clear that methods of grid control in which the ignition line 
is intersected obliquely by the grid-excitation voltage are of 
little value where close voltage regulation is required. 

In the majority of practical applications for grid-controlled 
rectifier equipment it is of paramount importance that the 
instant in the anode-voltage cycle in which the current arc is 
established should be precisely defined. Such precision can 
only be attained by potential impulses, and modern practice 
in the use of grid control would seem almost universally to 
have accepted this principle. Such methods of control consist 
in maintaining the grids normally at a negative potential, 
thereby preventing the establishment of the current arc, and 
in applying momentarily a positive potential to each grid in 
succession. As will be seen from Fig. 77, grid-control systems 
of this kind are not susceptible to the voltage error described 
above with reference to Fig. 76 ; the reason being that the grid- 
excitation voltage intersects the ignition line practically at 
right angles, so that any variation in the critical grid voltage 
has no sensible effect on the ignition angle. 

Variation of the rectified voltage, and thus of the power 
output from the rectifier, is obtained by altering the phase 
relationship of the potential impulses with respect to their 
corresponding anode voltages. The conditions obtaining in 
the case of a six-phase grid-controlled rectifier under these 
circumstances may be understood by reference to Fig. 7 8. The 
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average value of the rectified voltage depends upon the instant 
in the positive half-cycle of anode voltage at which the current 
arc commutates from one anode to the next. The later the 
instant, the lower is the average value — ^in other words, the 
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Fig. 76 . Voltage Error Occurring with Sinusoidal 
Grid -excitation 
George Newnes Ltd, 


voltage V delivered at the direct-current terminals of the 
rectifier decreases with increase in the ignition angle a. 

The diagrams in Fig. 78 show the theoretical wave-forms of 
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Fig. 77 . Mode op Operation of Impulse Grid -excitation 
Systems 
George Nemnes Ltd, 


rectified voltage corresponding to a pure resistance load. In 
practice the resultant curves are considerably smoothed out 
by the inductance of the direct-current load circuit, and with 
the aid of suitable smoothing equipment the output voltage 
can be made as devoid of harmonic ripple as in the case of 
rotating converting plant, as may be seen from the oscillo- 
grams in Fig. 79, which relate to a 300-volt rectifier unit. 
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Impulse Control Systems. The potential impulses applied to 
the grids are usually derived either from a source of direct 
current in conjunction with a potential dividing arrangement 
and a synchronously-driven distributor (Fig. 80 ), or from a 



o< = o 
V’=/oo^ 


V= 8G>-<S^c 



/ 

2 3 5 (S / 2 



n 

n n n - n n - n n n 

-J 1 

1 II II 11 II IL II ^1 



50% 


oc =30® 
V -/S-S^o 


c< ~ /go" 
V= O 


Fig. 78. Variation of the Output Voltage with the 
Phase -ANGLE of Arc Commutation 
'English Electnc Co. 


special '^impulse generator/’ i.e. a small alternator delivering 
a polyphase voltage having a peaked wave-form. Where a 
distributor is employed, and only manual control of the output 
voltage is desired, the requisite phase displacement of the 
potential impulses is obtained by adjusting the angular posi- 
tion of the disc supporting the distributor segments. 
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Fig. 79. Oscillograms showing Effect of Grid Control on OuTPxrT 
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In the case of fully-antomatic or remote-supervisory voltage 
control, the angular position of the disc is adjusted by means 
of a small motor operating through worm-gearing and a chain 
drive. A grid-control unit of the latter type, as manufactured 
by the English Electric Co., is illustrated in Eig. 81 . Where 
use is made instead of a '"peaky-voltage"’ alternator for obtain- 
ing the grid-excitation supply, the field system of the syn- 




Fig. 80. Direot-otjbrent Impulse System op Gbid Contbol 
English Electric Co. 


chronous driving motor is brought out to slip-rings, the brushes 
of which are connected to a special phase-shifting regulator. 
This arrangement is sometimes adopted also in the case of the 
distributor type of grid-control apparatus, as it is purely elec- 
trical and, therefore, instantaneous in operation. The requisite 
variation of the ignition angle is obtained by shifting the 
effective magnetic axis of the synchronous motor relative to 
the centre-line of the poles of the rotor. To this end the field 
system of the motor consists of two windings situated at right 
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angles to one another, and by strengthening or weakening one 
or other of these, the rotor can be advanced or retarded in 
phase, relative to the rotating field of the stator. By making 
the ampere-turns of the variable field winding dependent upon 
the load current of the rectifier any desired voltage character- 
istic can be obtained, the response between rectifier voltage 
and load current being instantaneous as in the case of a direct- 
current machine provided with a series winding. 

The above direct-current impulse system of grid-control has 
been successfully applied to steel-tank rectifier units with the 
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Fig. 81. Dirbct-ourreitt Impulse Type oe Grid-control Unit 
FOR Automatic Voltage Control 
English Electric Co. 


object of giving to them either a level-compound or an over- 
compound voltage characteristic.* In the case of glass-bulb 
rectifier equipment, where the amount of grid current flowing 
during the brief periods of positive potential impulse is much 
less, it is possible to make use of alternating-current systems 
of impulse control which have the advantage of being entirely 
static in operation. One such method of control employs a 
normal grid regulator of the type depicted in Fig. 71 to supply 
several potential transformers, which are so designed as to 
give a secondary voltage having a very peaked wave-form. 
The control grids are then each connected to one end of the 
several secondary windings, the other ends being joined^ to- 
gether and to the cathode in the usual way. The requisite 
* Of. Chapter XVI. 
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phase displacement between the grid-voltage impulses and the 
corresponding anode voltages is then obtained by adjustment 
of the induction regulator supplying the “peaking’’ trans- 
formers. This system has the disadvantage, however, that 
when applied to automatic voltage control it is not instan- 
taneous in operation ; there remains always the inherent time- 
lag of the mechanism for operating the induction regulator. 

An alternative system of impulse control in which this draw- 
back is not apparent, is illustrated diagrammatically in Fig. 82. 
This particular system makes use of small highly-saturated 



Fig. 82 . Alternating -oubbbnt Impulse System of Gbid-Contbol 
Siemens-Zeitschrift 


grid-excitation transformers for providing the potential im- 
pulses. These special control transformers have magnetic cir- 
cuits of high-permeability material, such as “Permalloy,” and 
are each provided with three windings indicated as 1, 2 and 3 
in the circuit diagram of Fig. 82. Of these three, two are excit- 
ing windings ; windings 1 are connected in delta, whilst windings 
2 are star-connected through a rheostat Each delta winding 
carries a sinusoidal magnetizing current i* which is limited by 
the fixed series resistance JS*. The corresponding star windings 
carry a magnetizing current which is displaced from ^ by 
150 electrical degrees (the angle equal to [rr — 0] in diagram 
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(6) of Fig. 83) and whose amplitude is determined by the set- 
ting of the star-point rheostat The third winding 3 on 
each transformer is the potential-impulse winding supplying 
the control grid. These windings are star-connected and the 
common neutral point is connected to a source of negative 
biasing potential d, indicated as a small battery in Fig. 82. 
In practice the negative bias is generally provided by means 
of a suitably connected metal-oxide rectifier. 

The mode of operation of this alternating-current impulse 
system of grid-control may be seen from the diagrams of 



Fig. 83 . Operation of Saturated -transformer Impulse System 
Siemens-Zeitschrift 


Fig. 83. Diagram {a) shows the potential of the grids in rela- 
tion to the corresponding anode voltages. It consists of a 
constant negative blocking potential on which is superimposed 
a sharply-peaked alternating impulse voltage. The latter is 
obtained as follows : In diagram (6) the sine wave AT^ repre- 
sents the ampere-turns of winding 1, whilst AT^ represents the 
corresponding ampere-turns of winding 2. At the instant in 
the alternating-current cycle in which these have equal and 
opposite values the flat-topped flux wave O suddenly changes 
sign, inducing a positive voltage impulse in winding 3, as shown 
by diagram (a), which relates to an ignition angle a = 30°. 
A corresponding negative voltage impulse occurs 180° later, 
but this is of no consequence to the operation of the grid-con- 
trol system. 




Fig. 8o. Automatic Voltage Contbol with Satubated-tbansfobmer 
Impulse System of Gbid Control 

jRg = Fixed excitation resistors Eg = Grid-excitation voltage 

R„ = Premagnetizing circuit rheostat — Variable exciting current 

E„ ==» Ignition potential I „ — Constant exciting current 

O = Cathode potential <jS =- llesultant magrustic tlux 

English Electric Co, 



QRID-GONTEOL SYSTEMS AND APPARATUS 171 

By altering the amplitude of through adjustment of the 
rheostat R^ the ignition angle may he varied, as shown hy 
diagram (c), for which a = 60°. The relation between the 
rectifier voltage V (expressed as a fraction of the nifl.yimiiTn 
value Vmax occurring with fully-advanced arc ignition), the 
ignition angle a, the ampere-timns, and the resultant flux O 
in the magnetic circuit of the grid-excitation transformer, is 
shown by the vector diagram of Fig. 84. 

Instead of the variable alternating-current excitation 
direct-current magnetization can be employed, and in iliig way 



Fig. 86. Saturated -transformer Type of Automatic 
Grid-control Unit 
English Electric Co. 


the instant of arc ignition can be made dependent on the load 
current as in the case of the direct-current impulse system of 
grid control. Another circuit of this type used to obtain a 
compound voltage characteristic is illustrated by Fig. 85. 
Here the variable ampere-turns of each impulse transformer 
are determined by choke coils arranged on cores which are 
magnetically saturated by direct current obtained from two 
sources. One of these is the source of potential for providing 
the negative bias on the grids ; the other is a divertor in the 
direct-current load circuit of the rectifier. The direct-current 
ampere-turns due to the former are constant, whilst those due 
to the compounding coils vary with the rectifier load. As 
the result, the impedance of the choke coils decreases with in- 
creasing load, and the variable ampere-turns of the impulse 
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transformers are reduced. The voltage impulses applied to the 
control grids are thereby advanced in phase, and the output 
voltage from the rectifier thus tends to rise. This arrangement 
of automatic voltage control is ideal for compounding traction 
rectifiers, as it is both instantaneous and entirely static in 
operation. Load sharing between any number of rectifiers 
connected in parallel is assured by the use of an equalizer con- 
nection, as in the case of a rotary convertor or direct-current 
machine. Tig. 86 illustrates an automatic grid-control equip- 
ment of this type as manufactured by the English Electric Co.* 
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CHAPTER X 

THE GRID-CONTROLLED MERCURY-ARC RECTIFIER 

The systematic investigation during the past decade of the 
physical behaviour of the mercury-arc rectifier under the most 
diverse operating conditions and, more particularly, the 



Fig. 87. 400-A Glass-bulb Eectefier with Contbol Grid 
English Electric Co. 


research work carried out to ascertain the nature and causes of 
the phenomenon known as back-firing, has not only led to the 
present perfection of this class of apparatus, but has con- 
tributed largely to the development of the grid-controlled 
rectifier. To-day, steel-tank as well as glass-bulb rectifiers are 

173 
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available for all outputs either equipped with control grids or 
not according to the type of service to which they are to he 
applied. 

Speaking generally, the grid-controlled rectifier is distin- 
guished from its prototype only in the arrangement of the 
anode sheaths and by the inclusion of control grids and their 
connections. 

Fig. 87 illustrates a typical glass-bulb rectifier provided with 
control grids, from which it is seen that the general design 



{a) Diagrammatic cross-section 
Siemens-Schuckert WerJce 



(6) General view 
English Electric Co. 

Fig. 88. Basket Type op Control Grid 

follows that of the normal type of rectifier depicted in Fig. 31. 
Details of the anode and grid construction are given in Fig. 88. 
With this particular design the grid completely surrounds the 
anode and takes the form of a perforated metal basket. In the 
design of control grid adopted in connection with rectifiers of 
the type illustrated in Fig. 34, the grid is placed some distance 
in front of the anode and consists of a short metal cylinder, 
to the inner circumference of which are attached radial fins 
(Fig. 89). 

In the case of rectifiers of the steel-tank type, the design and 
arrangement of the control grids also present no unusual 
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features. Fig. 90 shows a section through a typical grid-con- 
trolled rectifier as manufactured by the English Electric Co. 
This particular unit has a rating of 2 500 A at pressures up to 
800 volts, direct current. The method by which the insulated 
connection to the grid is brought out through the anode plate 
is similar to that employed in the case of the main anode 
connections. A 500-kW 500-volt grid-controlled unit of the 
steel- tank type as constructed by the General Electric Co. is 
illustrated in Fig. 91. 

Circuit Interruption by Grid Excitation. An 

extremely valuable characteristic of the grid- 
controlled rectifier is that by which the 
apparatus is rendered self-protecting. By the 
use of grid control the rectifier can be made 
to act as its own circuit-breaker, so that in 
the event of a short-circuit or a back-fire 
the current arc is interrupted without mechan- 
ical interruption of either the alternating- 
current supply or the direct-current circuit. 

If a negative potential is suddenly applied 
to all the grids, the normal commutation of 
the arc from anode to anode is interrupted 
and the arc cannot re-estabhsh itself. In 
effect, the rectifier becomes its own circuit- 
breaker. Oil switches of large rupturing 
capacity on the alternating-current side and 
high-speed circuit-breakers on the direct- 
current side are thus no longer essential to the Control Grid 
protection of rectifier equipment. This im- Bmce-PeebUs <& co. 
portant feature of grid control has been suc- 
cessfully applied to rectifiers for supplying high-tension direct 
current to broadcast transmitters as well as to heavy-duty 
rectifiers for traction service, and is tending to become standard 
practice for the protection of the larger rectifier installations. 

Two alternative methods of grid control are available for 
effecting interruption of the power circuit. In the first alter- 
native the grids are not energized at all during normal opera- 
tion of the rectifier, that is, they remain neutral and take up a 
potential equal to the arc which envelops them; but imme- 
diately upon the occurrence of a fault they are given a negative 
or blocking potential. In the second alternative, under normal 
conditions, grid excitation is arranged so that the arc is ignited 

7-(T.6) 
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at each anode in turn by the application of appropriate posi- 
tive impulses to the grid, which, being liberating potentials, 
momentarily wipe out the effect of a permanent negative 
grid-bias: when, however, a short-circuit occurs the positive 
potentials are no longer permitted to reach the grids. 



Fig. 90. 2 500-A. Gbid -controlled Steel-tank Rectifier 
English Electric Co. 


The former method of circuit interruption — which may be 
termed the closed-circuit system — ^is illustrated diagrammatic- 
ally in Fig. 92. A special type of high-speed relay, operating 
in less than 1 millisecond, is energized by a current transformer 
in the alternating-current circuit (or from a suitable ammeter- 
shunt type of divertor in the load circuit). In the event of a 




Fig. 91. 1 000-A. Grid -controlled Steel-tank Eectifier 
General Electric Co. 

anode in the commutation sequence is prevented from pick- 
ing up the arc by reason of the fact that its grid has in the 
meantime been given a strong negative potential. In this con- 
nection it is important to note the maximum duration of time 
between the closing of the relay contacts and the extinction 
of the arc. In the extreme case, where the relay operates at 
the earliest possible instant in the anode voltage-cycle, the 
time elapsing before the arc is finally extinguished is seen to 
be 6-5 milliseconds for a six-phase rectifier, and 10 milliseconds 
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sudden overload or a back-fire the relay closes and applies a 
blocking potential to the grids. The particular anode which is 
carrying the current arc at the instant the relay operates will 
continue to function until its voltage passes through zero at 
the end of the corresponding positive half-cycle, but the next 



Pig. 92. Closed -cibctjit System oe Load Switching b’k 
Grid Control 
English Electric Co, 



Pig. 93. Diagram showing Maximum Arcing Times in 
Six -PHASE 50-oycle Rectieibrs Employing Grid Control 
EOR Load Switching 
Siemens-Zeitschrif t 
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for a double three-pbase rectifier, as indicated by a. and a, in 
Fig. 93. 

The other method of circuit interruption — ^which may be 
termed the open-circuit system — ^is shown in Fig. 94, and is 
especially applicable to impulse systems of grid-excitation as 
described in the previous chapter. In this case the illustration 
refers to a direct-current impulse system such as that of Fig. 80. 



Fig. 94. Open-circuit System of Load Switching by 
Grid Control 


a — Fectifier transformer 
b = Auxiliary transformer 
c = Short-circuiting switch 
d — High-speed relay 
e = Impulse distributor 
/ = Rotating brush 
g — Synchronous motor 


h = Current-limiting resistor 
i = Anode voltage 
h — Direct current 
I — Liberating potential 
m ~ Instant of short circuit 
n — Blocking potential 
o = Cathode potential 


Siemens-ZeitscJirift 


It is seen that with this system of load switching the relay 
contacts are opened in the event of a fault occurring on the 
direct-current side, thereby interrupting the supply of positive 
potential impulse to the several control grids. Both systems 
lend themselves readily to remote control of the opening or 
closing of the power circuit. 

However powerful the arc, the circuit will be interrupted 
quite naturally, and the entire absence of heavy mechanical 
parts ensures a considerable reduction in the time taken to 
clear a fault or a back-fire. The oscillograph record of Big. 95 
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shows the interruption of a dead short-circuit in the case of a 
heavy-duty traction rectifier rated to carry a full-load current 
of 2 600 A at 800 volts. It is seen that approximately 16 milli- 
seconds elapsed between the incidence of the fault and the 
operation of the relay, this being the time required for the flux 
to build up in the cinrent transformer as well as in the relay 
itself. By this time the current had risen to 10 times its initial 



Fig. 95. OsomiiOGBAM showing CmouiT Interruption by 
Grid Control 
English Electric Co, 


value. The extreme rapidity with which the short-circuit 
current arc was extinguished is clearly demonstrated in this 
oscillogram, the actual time taken being only 5 milliseconds. 

Where necessary, the high-speed relay can be arranged to 
reclose very quickly, so that if the short-circuit is only 
momentary the supply from the rectifier is not permanently 
interrupted. On the other hand, should the fault persist the 
rectifier will be locked out. A reclosing arrangement of this type 
operating in about one-fifth of a second, and applied to some 
of the heavy-duty rectifiers supplying the Berlin City Circular 
and Suburban Railway, is shown in Kg. 96. On the occur- 
rence of a short-circuit the high-speed relay operates and locks 
itself in by the catch ; in doing so it pushes over the mercury 
switch towards the left-hand position. When this switch is 
half-way in its travel it momentarily closes the contacts u, v, 
thereby energizing the solenoid Qi and releasing the catch g^. 
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The high-speed relay is thus pulled back into its initial posi- 
tion under the influence of a spring, the contacts h are opened, 
and the power circuit is consequently reclosed. In the mean- 
time, however, the mercury switch has reached its left-hand 
position, in which the contacts u, v remain permanently open. 
Should the short-circuit recm, the high-speed relay will operate 
again, but will remain locked in position by the catch g^. The 



Fig. 96 . Automatic Rbclosing of High-speed Relay in 
Grid -EXCITATION Circuit 

a = Rectifier transformer e = Resetting push-button 

b — High-speed relay coil / = Mercury switch 

c = Alternative connections to — Reclosing solenoid 

H.S. relay coil = Reclosing release 

d = Short-circuiting switch coil h = H.S. relay contacts 

V, V ~ Mercury switch contacts 
Siemens-Z&itschrijt 


latter cannot be released, and the relay re-set, until the push- 
button e is operated by the substation attendant. 

Voltage Variation and Compounding by Grid Control. In 
many cases, particularly where rectifiers are installed in power 
and lighting substations, the demand arises for regulation of 
the output voltage from the rectifier. Until the advent of the 
grid-controlled rectifier this requirement could only be met by 
altering the voltage applied to the rectifier on the alternating- 
current side either by means of on-load tap-changing on the 
rectifier transformer or by the provision of an additional boost- 
ing transformer or induction regulator. A more efficient and 
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less costly method of regulating the output voltage, however, 
is that employing grid-control of the rectifier itself. 

As was explained in the preceding chapter, this method is 
based on the fundamental consideration that the average value 
of the rectified voltage (F in Fig. 78) depends on the phase of 
the arc commutation in the anode voltage-cycle. The later the 
phase position (i.e. the greater the ignition angle a in Fig. 78) 



Fia. 97. Voltage Vahiation by Grid Control 


the lower is the output voltage from the rectifier. The relation 
between the two may be determined as follows — 

If, as shown in Fig. 97, the instant of arc ignition is delayed 
by the angle a then the anode whose voltage is indicated by 
the curve will carry current over a period represented by 
the time interval between R and 8, instead of over the normal 
period corresponding to the time interval between P and Q. 
The ignition angle a is the angular displacement between P 
and R, or Q and 8. Consequently the voltage at the rectifier 
terminals is equal to the mean value of over the period 
R ~~ 8, that is, of the area under the curve shown shaded in 
Fig. 97. The anode voltages are each expressed by the general 
equation e = E['\/2) . cos 6, in which — 77 /p < 6 < -f 
Hence we have for the direct-current output voltage 
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where V is the maximum possible value of corresponding 
to a = 0, i.e. to the case of a rectifier operating normally. 
The above result is of considerable importance, and may be 
stated in the following form : In the case of a rectifier operating 
at reduced voltage by grid control, the ratio of the actual output 
voltage to the normal {maximum) output voltage, as determined by 
the number of rectifier phases, is equal to the cosine of the angle 
by which the instant of arc commutation is retarded from its nor- 
mal phase position in the anode voltage-cycle. 

The significance of this result is at once realized by a com- 
parison between Figs. 97 and 9 , and between the correspond- 
ing equations ( 25 ) and (1). With a = 7t/2, cos a becomes zero, 
and no voltage appears at the direct-current terminals of the 
rectifier. When a = tt, we have cos a = 1 ; so that F^ 

== — F^q. This condition corresponds to inverted or regen- 
erative operation of the rectifier, and will be dealt with more 
fally in the next chapter. It can only arise in practice if there 
exists an appropriate “driving’’ e.m.f. in the direct-current 
circuit and, at the same time, a corresponding back e.m.f. in 
the windings of the rectifier transformer. Another important 
feature of grid control as apphed to voltage variation is also 
apparent from Fig. 97 . It is seen that the axis of current con- 
duction for any particular anode is no longer coincident with 
the point of maximum anode voltage. In other words, anode 
voltage Ci, for example, which is effective between 0 = — 77/p 
and 0 = + 77/p, produces an anode current which flows not 
during the same interval (as in Fig. 9 ), but during the interval 
from 0 = (a — 77/p) to 0 = (a + 77/p). These two intervals are 
of the same duration, but the latter lags the former by the 
phase angle a. In a grid-controlled rectifier, therefore, the anode 
currents lag behind their corresponding anode voltages by the 
same angle a by which the instant of arc commutation is delayed. 
The above consideration is evident if it is remembered 
that in a normal rectifier the “centre of gravity” of the anode- 
current wave lags behind that of the anode-voltage wave by 
a certain angle* which is a function of the angle of overlap u. 
And just as much as the effect of transformer reactance is to 
give rise to this phase displacement, and to an accompanying 
drop in the output voltage from the rectifier, so in the case 
of grid control the existence of an angle of phase displacement 
— ^the ignition angle a — ^is accompanied by a similar drop in 
* Vide Chapter XIV. 
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output voltage. In the former case the relation is expressed 
by V a == Va ^ . cos^ (^6/2) ; whilst, in the latter case, it is given 
by Va = • cos a. In both cases the effect of this phase 

displacement on the alternating-current side of the rectifier 
appears as a reduction in the power factor. This question will 
be treated in detail in a subsequent chapter. 

By virtue of its control grids, then, the mercury-arc rectifier 
provides a simple and reliable means of controlling the speed 
of large direct-current motors ; for example, by direct regula- 
tion of the armatixre voltage. In a similar way grid control 
can give to rectifiers for either traction or lighting duty a level- 
compound, or an over-compound voltage characteristic. This 
important feature was discussed in the preceding chapter, 
which also dealt with systems of compounding rectifiers that 
have been successfully employed in practice. The fact that 
the relation between the output voltage V a and the ignition 
angle a is not linear, but varies according to a cosine law, is of 
little practical importance. It is possible, however, to devise 
systems of rectifier compounding in which a relation between 
the load current and the ignition angle is obtained which 
results in a linear voltage response. 

Rectifier Excitation o£ Synchronous Machines. Up to the 
present, synchronous alternating-current machines have been 
either of the separately-excited or of the self-excited type, 
that is to say, a special source of direct-current has always 
had to be provided in order to supply the necessary excitation. 
In the former type of synchronous machine use is made of 
some extraneous direct-current supply; whilst in the case of 
the latter type the excitation supply is derived from an 
exciter ^directly coupled to the shaft of the machine. It is not 
generally realized that such an alternator or motor can be 
excited without having recourse to either of these methods of 
direct-current supply. An analogy will make this clear. 

Take, for example, the simple case of a shunt-wound direct- 
current machine. Here the alternating current which is origin- 
ally generated in the armature winding is changed into direct 
current by means of the commutator, and this direct current 
is utilized to excite the field of the machine. Now in the case 
of a synchronous alternating-current machine the exciting 
voltage can be taken in the same way directly from the machine 
terminals, but in this case the commutator is most conveni- 
ently replaced by some form of static rectifier. By far the 
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most important means of rectifying the alternating voltage 
delivered at the terminals of the synchronous Tna.rVn'np so as 
to obtain the necessary direct-current excitation supply con- 
sists in employing a mercury-arc rectifier provided with grid 
control, because the grid-control feature can be utilized to 
obtain an automatic regulation of the machine voltage. For 
example, the excitation can be made dependent upon the load 
current, or upon the power factor of the machine. Moreover 
it is possible to arrange the grid-control gear so as to give a 



Fig. 98. Rectii’ieb-bxoited Synckronous 
Alternatestg-ouebent Machine 


rapid voltage response in the case of disturbances in the alter- 
nating-cuiTent system to which the machine is connected. 

The fundamental circuit of such a rectifier-excited alter- 
nating-current machine is given in Fig. 98. The rotor winding 
receives its excitation supply Jfrom a grid-controlled rectifier 
unit connected on the alternating-current side to the machine 
terminals or the e.h.t. busbars. The field excitation can be 
varied by altering the setting of the grid-control gear associated 
with the rectifier unit (not shown in the diagram), and in this 
way the terminal voltage of the machine, or the power factor, 
may be altered as desired. The variation of machine voltage 
with field excitation — expressed in terms of the output voltage 
of the rectifier unit — ^for different values of the ignition angle 
a is shown in Fig. 99, which relates to a small 50-cycle alter- 
nating-current generator excited from a three-phase rectifier 
unit. The resistance of the field winding was 34 ohms, whilst 
its inductance amounted to 20 henries, giving a reactance 
of 6 283 ohms. The load on the excitation rectifier in a 
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combination of this kind is thus almost entirely inductive, 
with the result that the alternating-current component of the 
exciting current — due to the harmonic ripple in the output 
voltage from the rectifier unit — is negligible, even with large 
values of a. In this particular case with a reduced rectifier 
voltage corresponding to a = 90°, the total r.m.s. harmonic 
ripple in the excitation current supplied to the field winding 
did not exceed 0*5 per cent of the mean value. 

By converting the excitation voltage values of Fig. 99 to 



Fig. 99 . Rectified Excitation Characteristics 

amperes a fresh set of rectifier excitation characteristics for 
the machine may be drawn up, as shown in Fig. 100. The open- 
circuit characteristic is also indicated on the diagram. It is 
seen, in the first place, that all the rectifier characteristics 
emanate from a point 0 corresponding to a definite machine 
voltage Eo at zero excitation. The value of Eq is the alter- 
nating-current equivalent of the arc drop in the excitation 
rectifier. At the same time the open-circuit characteristic also 
commences at a definite voltage Ej. which is that generated 
by the remnant magnetism of the machine. Secondly, it is 
seen that certain of the rectifier characteristics intersect the 
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open-circuit characteristic, and at points corresponding to 
different machine-voltage values; whilst others do not give 
any point of intersection. 

Considering the rectifier characteristic corresponding to a 
= 90, for example, it is seen that it is intersected at two points, 
P and P', by the open-circuit characteristic. The upper point 
(P) denotes a state of stable excitation, when a tendency for 
the excitation current, i.e. the field strength of the machine, 



Fig. 100. Selb'-excitation Chaeacteristics of 
Alternating-current Generator 


to increase is no longer maintained by a corresponding aug- 
mentation of the output voltage from the excitation rectifier 
unit. In other words, at this point the cumulative building-up 
of the machine voltage ceases. In the case of the lower point 
(P') of intersection the machine excitation is unstable. On the 
one hand the voltage of the machine may build up gradually 
until it reaches a value corresponding to the point P ; whilst, 
on the other hand, it may equally well fall away rapidly to 
the value E^ corresponding to zero excitation. A diagram 
such as that of Kg. 100 thus provides a general indication as 
to the behaviour of an alternating-current machine excited 
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from a rectifier supplied from the machine itself. In particular, 
it is evident that the machine will not he self-exciting if 
Eo > Er, which will occur, in general, only in the case of 
small machines such as that considered above. The stability 
of the point P depends, like the correcting time, upon the 
angle at which the open-circuit characteristic intersects the 
rectifier characteristic. The larger this angle, the greater 
will be the degree of stability and the shorter will be the time 
taken to correct voltage variations. In view of these factors, 
the design of alternating-current machines arranged for self- 
excitation by means of rectifier equipment will be influenced 
by the further consideration as to whether the regulation of 
the machine is to be coarse’’ or ^‘fine.” 

The Direct-current Rectifier Locomotive. The application of 
the principles of grid-control to rectifier practice has given a 
fresh impetus to the development of the convertor locomotive 
as a possible form of electric tractor. This type of electrically- 
propelled locomotive is essentially one in which the supply 
current and motor current are not only different as regards 
voltage, but are also of dissimilar form; and in such loco- 
motives the necessary means of current conversion have 
hitherto been limited to rotating machines of a complicated, 
expensive, and relatively inefficient nature. One of the 
best-known examples of the convertor locomotive is that 
developed by the late Kalman Kando for the Hungarian State 
Railways.* 

The advent of the steel-tank rectifier, however, opened up 
fresh possibilities in that the heavy rotating convertor, which 
is the distinctive feature of the convertor locomotive in all its 
forms, could for the first time be replaced by a static piece of 
apparatus at once lighter and more efficient. The first com- 
plete design of such a rectifier locomotive was put forward by 
Reichel towards the end of 1924,t and embodied a steel-tank 
rectifier unit with on-load tap-changing transformer for con- 
verting the three-phase alternating current, supplied to the 
overhead contact wires, to direct current at variable voltage 
for the traction motors. As this design did not offer sufficient 
advantages over the alternating-current locomotives then in 

* L. von Verebely: Transactions of the First World Power Conference 
(1924), Vol. IV, p. 983; c/. also EleJctrotechnisches Zeitschrift, 1926, Vol. 46, 
p. 37; and ElehtrotechniJc und Maschmenhau, 1925, Vol. 43, p. 114. 

f W. Reichel: Zeitschrift des Vereines Deutscher Ingenieure, 1925, Vol. 69, 
p. 52. 
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use on the German State Railways system for it to become of 
real practical importance, Reichel revised his design in the 
light of further advance in rectifier technique, including the 
application of grid-control, and modified it so as to accord 
with the system of single-phase alternating-current supply 
which in the meantime had become almost standard practice.*^ 
Fig. 101 illustrates this revised design as applied to a high- 
speed passenger locomotive of the type built in considerable 
numbers for the German State Railways in 1924. Here, for 
the first time, the fundamental advantage of the rectifier loco- 
motive — ^its complete independence of 
frequency — ^was realized to the full ; 
moreover, compared with the usual 
alternating-current locomotives of the 
same output, and operating from a single- 
phase supply at 16f cycles per second, 
the 50-cycle rectifier locomotive showed 
a saving in weight of no less than 15 per 
cent. In addition, the introduction of 
the rectifier locomotive now permits the 
traction system to be coupled directly 
to and, in fact, to be supplied from, in- 
Fio. 102. Fundamental dustrial and other electricity supply net- 
Circuit Diagram of works. Furthermore, the inclusion of the 



THE Direct-current grid-control feature allows the traction 
a = Single-phase transformer motors to be Controlled Without appreci- 
e : smootMn™JeMtor“ energy loss, and with a degree of 

d = Traction motors smoothness Unattainable by any other 

u,x) — liectifler anodes i i • i 

Siermm-zea^ohnft electrical means. 

The schematic diagram of the single- 
phase rectifier locomotive, incorporating direct-current traction 
motors of the usual series type, is given in Fig. 102 in its simplest 
form. Speed control of the motors is then obtained by varying 
the motor voltage, through the medium of suitable grid-control 
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gear. The rectified voltage obtained with this arrangement is 
shown in diagrams {a) and (6) of Fig. 103, the former relating 
to ‘'full voltage,” and the latter to “half voltage” applied to the 
motors. In these diagrams E^ and E^ are the voltages of anodes 
U and V with respect to the transformer neutral. The effective 


voltages applied to the direct-current load circuit are indicated 


by the shaded areas. Due to the presence of the smoothing 


* W. Reichel; MeJctrotechnisohes Zeitschrift, 1932, Vol. 53, p. 778. 
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reactor the direct current flows uninterruptedly in the load 
circuit, even when — as in diagram (6) — the driving e.m.f. 
momentarily disappears. Thus when the current arc is estab- 
lished at anode U at the instant corresponding to the point A 
in the diagram, it is not extinguished when the anode voltage 
reaches zero at B, but current continues to flow until the 
instant in the anode-voltage cycle, corresponding to the point 
(7, when the arc commutates to anode F. In effect, a back 
e.m.f. is present in the load circuit from B to G — shown by the 
horizontally shaded areas — ^which has to be overcome by the 
release of energy previously stored up in the smoothing reactor. 



Fig. 103 . Voltage Conditions 

(a) At full motor voltage (b) At half 
(c) As in ib) but with neutral-i-rini 

SiemenS'Zeitschrift 

As the result, the direction of power flow reverses at B and 
only resumes its normal course again at G. In other words, the 
power flowing in the load circuit is oscillating. This charac- 
teristic phenomenon is accompanied on the one hand by a 
considerable reactive power consumption on the alternating- 
current side ; and, on the other hand, by the necessity for the 
storage of a large amount of energy in the smoothing reactor 
on the direct-current side. These two conditions become worse 
the greater the reduction in motor voltage arising from a 
retarding of the instant of arc ignition, i.e. the greater’ the 
ignition angle. 

Both disadvantages can be overcome by the provision of an 
additional anode connected to the neutral point of the trans- 
former secondary and having no control grid — ^the so-called 
neutral-point anode ; and, further, by duplicating the rectifier 
anodes proper and connecting the groups to points of the 


192 MEBCUBY-ABC CUBBENT C0NVERT0B8 

secondary winding having different voltages. The first arrange- 
ment is shown by diagram (6), and the second by diagram (c) 
of Tig. 104 ; whilst diagram {d) illustrates the combination of 
both which is employed in practice to obtain the desired 
improvement in power factor over the lower part of the volt- 
age range. 

The effect of introducing the neutral-point anode is shown by 
diagram (c) of Tig. 103, relating, like diagram (6), to half motor 
voltage. As before, anode U in Tigs. 102 and 104 (6) carries cur- 
rent over the period from A to B. At J5, however, the anode volt- 
age becomes negative with respect to the potential of the trans- 
former neutral — axis of abscissae in Tig. 103 — so that the current 
arc then commutates naturally to the neutral-point anode 0, 
which continues to carry the load current until point D is 
reached. At this point anode V is forced to pick up the current 
arc due to the action of the grid-control gear. As the result of 
this modus operandi, anode U is reheved of the necessity of 
carrying current whilst its voltage is negative (between B and C) 
and hence no energy reversal takes place during this period. 
The smoothing reactor is thus no longer required to store and 
release the energy equivalent of the area BCD, and conse- 
quently it need only be designed for its normal function of 
reducing the harmonics in the voltage and current supplied to 
the traction motors. A glance at diagrams (6) and (c) of Tig. 103 
shows that the phase position of the point A, expressed for 
convenience by the angular displacement a of the grid-control 
gear from the zero-volts (standstill) position, is altered by the 
introduction of the neutral-point anode. In view of this fact, 
the grid-control characteristics, i.e. the relation between a 
and the motor voltage V, for the two cases will be different. 
This is clearly shown by the middle column of diagrams in Tig. 
104. The right-hand column of diagrams shows the relation 
between the motor voltage F, the kW and kVAR inputs P 
and Pjij and the power factor cos ^ on the primary side of the 
rectifier transformer. 

The effect of subdividing the rectifier anodes into two 
groups connected to different voltage-sections of the trans- 
former secondary is shown in diagrams (c) and (d) of Tig. 
104. The grid-control of the two anode groups Ui, Vi and 
F 2 is so arranged that, to start the motors, the motor 
voltage is first of all raised from zero to half volts— as in 
diagram (d ) — ^by operation of the lower-voltage group. During 
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this period the grid-control gear functions so as to render 
the higher- voltage anode group inoperative. At the end 
of this control period, corresponding to a = 120° in Fig. 104 (d) 



Fig. 104 . Development op the Multiple-voltage Anode 
Connection 

y ~ Percentage of maximum P == Kilowatts input 

motor voltage == Eeactive kVA input 

F = Percentage scale for P qos ^ = Power factor on A.C. side 
P and cos _ Grid-control gear setting 

Siemms-ZeitschriJ t 


and Fig. 105, the higher-voltage group of anodes is brought 
into operation, and the instant of arc ignition at these anodes 
is gradually advanced until the motors are running at full 
speed under the maximum applied voltage. Fig. 105 illustrates 
clearly the manner in which the rectified voltage is gradually 
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raised as the angular displacement 'ip of the grid-control gear 
is increased. The simplicity of this new method of traction 
motor-control is evident from these diagrams. In particular 
it is to he noted that no mechanical interruption of the load 
circuit takes place during periods of voltage-control, a feature 
which is of paramount importance. 

The curves of Fig. 106 relate to a practical example of a 
direct-current rectifier locomotive designed to operate from a 
single-phase supply at 6 600 volts and 25 cycles, and equipped 
with four 250 h.p., 575-volt, series-type motors permanently 
connected in series-parallel. The power-factor improvement 
obtained by multiple-voltage anode connection in conjunction 



ip-270^ lp-300^ 


Fig. 105 . Voltage Conditions with Multiple -voltage 
Anode Connection 
Siemem-Zeitschrif t 


with a neutral-point anode, as compared with the normal 
full-wave connection with simple grid-control of the output 
voltage, is clearly shown by the difference between the 
full-line and dotted power-factor curves. 

It seems hardly necessary to point out that the application 
of the grid-controlled rectifier to the electric locomotive may 
in the near future revolutionize direct-current traction. Suffice 
it to state here that it presents the welcome advantages of 
simplicity and efficiency in operation, as well as a distinct 
saving in weight and capital cost. 

The Alternating-current Rectifier Locomotive. It is in many 
ways unfortunate that no uniformity exists in the supply 
of electrical energy to railway traction systems. In some 
countries direct current at a pressure of 1 500, 3 000 or even 
4 000 volts is favoured. But with such low voltages the 
number of points at which the overhead conductor has to be 
fed from the traction supply network is necessarily large, i.e. 
the distance between substations is not very great, and also 
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the conductor cross-section is comparatively large. On the 
other hand, the direct-current traction motor is at once cheap 
and efficient, whilst its general robustness and reliability have 



500 WOO J500 


D.C.Volts. 

Fig. 106. Operating Characteristics of a 1 000-h.p., 1 150-volt 
Direct-current Rectifier Locomotive 
English Electric Co. 

rendered it unrivalled where the exacting demands of inter- 
urban and suburban traffic conditions have at all times to be 
met. But for main-line service with its heavy haulages of 
passenger and freight trains, its high speeds, and, not infre- 
quently, its severe gradients, the economic advantages of a 
much increased supply voltage have in many countries led to 
the adoption of alternating-current traction systems, where 





196 MEEGUBY-ARG GUBBENT GONVERTORS 


the pressure at the pantograph collector may be as high as 
10 000 or 15 000 volts. 

From the point of view of energy supply, the three-phase 
system would at first seem the most natural to adopt, as full 
use could then be made of existing power networks operating 

industrial frequencies. But the many operating difficulties 
associated with such a system, e.g. the arrangement of triple 
overhead conductors at junctions, sidings and crossings, have 
resulted in its abandonment in favour of a system of single- 
phase supply at much lower frequencies — ^generally, 15, 16f 
or 25 cycles per second. In this case the practical necessity of 
a single overhead conductor carries with it the need for a reli- 
able type of single-phase motor which can accommodate itself 
to the severe and varying demands of traction service. Apart 
from the single-phase induction motor, which is out of the 
question on account of its inherently poor starting character- 
istics, only the single-phase commutator motor remains for 
consideration. And the latter, in turn, cannot be constructed 
as a sufficiently large power unit in the case of a 50-cycle 
supply, because the difficulty in commutating heavy currents 
increases rapidly with the supply frequency. 

Here again, however, the application of the grid-controUed 
rectifier has in recent years led to a practical solution of the 
problem, in the form of a rectifier locomotive incorporating 
alternating-current motors of a rather special type operating 
at frequencies lying between 40 and 60 cycles per second. In 
the direct-current rectifier locomotive discussed in the previous 
section, the function of the rectifier was simply that of chang- 
ing the alternating current delivered at the overhead con- 
ductor to direct current for supply to the traction motors. 
But in the case of the alternating-current rectifier locomotive 
the function of the rectifier is to replace the commutator of a 
series-type alternating-current traction motor. How this is 
accomplished is not immediately evident from such a simple 
statement. But if it is considered that the action of brushes 
and commutator is in effect that of a group of switches, each of 
which momentarily connects the “active” part of the arma- 
ture winding to the motor terminals, then it is clear that the 
operation of the motor as a whole is in no way affected by 
allowing a suitably controlled rectifier to exercise this purely 
switching function. Once this fundamental principle is 
realized, the development of a practical alternating-current 
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motor operating on these lines is not a matter fraught with 
any appreciable difficulty. 

Consider, in the first place, a direct-current motor in which 
each armature coil is connected not to a commutator bar but 
to an electric valve, such as a single-anode or half-wave rectifier. 
In view of space limitations such a multiplicity of valves could 
not possibly be accommodated on the motor shaft along with 
the armature, but would have to be fixed. Consequently the 
armature would also have to be fixed. This implies, in turn, 
that the field winding would have 
to rotate. We thus arrive at an f 

arrangement in which the armature ^ 

becomes the stator, the field winding 
becomes the rotor, and the commu- / 
tator is replaced by a series of / 
electric valves or half-wave rectifiers. / / \ \ 

To all outward appearances such a '‘X ^>-A \ 

machine would be identical with a //L< 

synchronous motor. \ "~/7 

Now in the case of a commutator \ \ \ / / 

motor each commutator bar serves y 

alternately to lead in and to lead 
out the motor current to and from 
the armature winding. Referring this 
principle to the new type of motor ^ 

implies that each tapping on the Valve-oon- 

armature windmg to which a com- Winding 

mutator bar is normally connected EleUrische Bahnen 

would now have to be connected to 

two valves, one for each direction of current flow, as shown in 




Fig. 107 . Valve-con- 
trolled Motor with Closed 
Winding 
EleUrische Bahnen 


Fig. 107. To overcome this difficulty the closed or ring wind- 
ing of Fig. 107 may be replaced by an open or star winding 
in which individual sections are displaced in phase with respect 
to one another and come into action successively, one at a 
time. Provided these sections are suitably distributed around 
the stator such an open winding will differ but little in its 
electromagnetic action from a conventional closed winding, 
even when the direct current enters or leaves the winding at 
one point only, viz. the star point. In this way the compara- 
tively simple arrangement of Fig. 108 is obtained, in which a 
multiple-anode rectifier of normal type can be employed. The 
requisite control of the current distribution throughout the 
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stator winding is then conveniently obtained by grid control of 
the rectifier, the control gear taking the form of an impulse 
distributor either mounted on or driven from the rotor shaft. 
The fundamental circuit diagram of such a rectifier-controlled 
direct-current motor is given in Fig. 109. The grid-control gear 
allows the stator current to commutate from phase to phase 

in such a way that the magnetic axis 
of the stator field rotates in syn- 
chronism with that of the rotor. In 
other words, if the rotor moves 
through a certain angle under the 
influence of a load torque then the 
grid-control gear (impulse distri- 
butor) rotates through a correspond- 
ing angle, and, by its action on the 
rectifier, alters the phase position of 
the magnetic axis of the stator wind- 
ing in such a way as to bring it into 
line once more with the magnetic 
axis of the rotor. In this way electro- 
dynamic equilibrium of the motor is 
maintained under all conditions of 
load and speed. 

Such a rectifier-controlled motor 
nevertheless still labours under two 
disadvantages. Firstly, starting re- 
sistances are necessary as in the 
ordinary commutator motor; and. 
Fig. 108 . Valve-controlled Secondly, a source of commutating 
Motor with Open Winding e.m.f. must be provided to com- 
2 = mutate the direct-current arc from 

4 : Stetof winding of motor anode to anode during the period in 

EleJctrische Bahnen which the motor is started and run 

up to speed. The latter difficulty can 
be overcome by supplying the motor with a strongly pulsat- 
ing direct current ; and a little consideration will show that 
this requirement can readily be met by employing two stator 
windings, each fed from one secondary phase of a single- 
phase supply transformer. In this way, although use is 
made of an alternating-current supply, each stator winding 
is in effect traversed by a continuous current pulsating 
between zero and a maximum, the pukations being 180 





Fig. 109 . CmouiT Diagram of Rectifier-controlled Direct-current 
Motor (Brown-Bo veri et Cie.) 

1 = Motor 7 = Anodes 

2 = Stator winding 8 — Grid excitation supply 

3 = Rotor winding 9 = Rectifier 

4 == Control grids 10 = Rotor slip-rings 

5 — Impulse distributor 11 and 12 = Grid circuit and limit- 

6 = Rotating brush ing resistors 

EleJctrische Bahnen 
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Fig. 110 . Schematic Diagram oe Alternating-current 
Rectifier Locomotive (Brown-Boveri bt Gib.) 

1 = Overhead conductor 4 = Grid-controlled rectifier 

2 = Supply transformer 5 = Impulse distrihutor 

3a = Stator windings 6 and 7 = Grid excitation supply 

36 = Eotor winding 

EleUriscJie Sahnen 


electrical degrees out of phase in the two windings. The final 
arrangement of such a motor, embodied in the alternating- 
current rectifier locomotive, is illustrated diagrammatically in 
Fig. 110. In view of the symmetry of this arrangement the 
supply transformer operates as a normal single-phase rectifier 
transformer, whilst the stator windings, whose corresponding 
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phases deliver current during alternate half-cycles, operate so 
as to supply direct current to the rotor winding. Consequently, 
the alternating-current rectifier locomotive is independent of 
frequency in that the traction motor is, in effect, a commutator- 
less direct-current machine having series characteristics. The 
arrangement of Fig. 110 also overcomes the first difficulty 
referred to above, namely, that of limiting the starting current. 
In so far as each pair of simultaneously operating stator phases 
constitutes a full-wave rectifier system, the output voltage, 
and therewith the motor current, can be regulated in the usual 
manner by retarding or advancing the instant of arc com- 
mutation. Hence as far as power factor conditions at starting 
are concerned, the alternating-current rectifier locomotive 
behaves in the same way as its simple direct-current proto- 
type without neutral-point anode and multiple-voltage anode 
connection. 

A practical example of the alternating-current rectifier loco- 
motive is illustrated in Fig. Ill, which depicts a high-speed 
passenger locomotive of the standard 2-Do-l type employed 
by the Swiss Federal Railways converted to this new method 
of operation. The locomotive is shown equipped with 
commutatorless motors of the same output as the standard 
single-phase machines, viz. 800 h.p. on a 1-hour rating. The 
alternating-current supply is at 15 000 volts and 50 cycles per 
second. Calculations have shown that no increase in either 
weight or capital cost is involved by the conversion. The 
normal 16|-cycle transformer is just as heavy as the 50-cycle 
transformer together with the two grid-controlled rectifiers, 
whilst the extra weight of the commutatorless motors is offset 
by the saving in weight on the control gear. Furthermore, the 
savings in capital cost due to the lighter transformer and the 
absence of on-load tap-changing gear and contactor gear, as 
well as of the commutators on the motors, are just sufficient 
to pay for the grid-controUed rectifiers together with their 
associated apparatus. 
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CHAPTER XI 

THE MERCURY-ARC INVERTOR 

The mercury-arc current convertor is essentially a polarized 
device, in that current can flow through it in one direction only. 
At first sight the acceptance of this axiom would seem to poiut 
to the conclusion that the direction of energy flow in a device 
of this kind must of necessity he irreversible also. Long associ- 
ation with converting plant of a pmely electro-dynamic 
nature has led to the habit of regarding a return of energy from 
the direct-current side to the alternating-current side of a 
convertor as being bound up with the conception of current 
reversal. On closer consideration of the principles involved, 
however, it will become apparent that sucb a babit of thought 
arises from a narrow and quite erroneous line of reasoning. 
Fundamentally, electric power is a product of current and 
voltage. It is therefore clear that a reversal of energy flow 
can be brought about by reversing the voltage while the direc- 
tion of current flow is maintained. 

Thus in the case of the mercury-arc current convertor the 
return of energy from the direct-current system to the alter- 
nating-current network — a, process which has come to be 
known as the inversion o f di rect to alternating current — ^is 
pos sible if the current arc can establish itself at the several 
anodes in those instants in which the respective anode voltages 
are negative. This necessitates the reversal of the connections 
on the direot-curfent side of the apparatus, together with the 
use of grid control to force the commutation of the current arc. 
In other words, the current convertor must operate in such a 
manner that the estabhshment of the current arc at a par- 
ticular anode is delayed (by means of the grid-control gear) 
until such time as the e.m.f. suppbed by the direct-current 
system is opposed to, and, at the same time, somewhat greater 
than, the instantaneous voltage of the corresponding secondary 
transformer phase. Under these circumstances the preponder- 
ance of the direct-current driving e.m.f. over the back e.m.f. 
in the secondary phase of the transformer results in a flow of 
current which is in the normal direction through the current 
convertor, but which is opposed to the instantaneous voltage 

203 
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of the transformer secondary. The latter condition constitutes 
a reversal of energy flow in the transformer element of the 
current convertor as compared with the corresponding condi- 
tion during rectification. 

Polyphase Inversion of Direct to Alternating Current. The 

behaviour of such a current convertor when functioning firstly 
as a rectifier, and secondly as an invertor may be understood by 
a reference to Pig. 112.®^ Diagram {a) illustrates the by now 
familiar process of rectification and shows the transformer 
secondary delivering an anode voltage E between the neutral 
point 0 and the anode terminal A. This voltage has to over- 
come the arc drop e in the rectifier and the counter e.m.f. F 
of the direct-current load circuit before it can drive a current 
I through the load. During those portions of the anode volt- 
age-cycle in which E is increasing, the current I increases since 
the other circuit voltages V and e remain unchanged, so that 
there is then no tendency for the current arc to transfer itself 
to the next anode in the phase sequence. Only when the anode 
voltage jE?i, and therewith the load current J, commences to 
decrease and the voltage E^, of the next anode commences to 
increase, does the arc commutate from anode 1 to anode 2. 
Commutation takes place at the instant corresponding to the 
point of intersection of the anode voltages E-^ and E^. 

When energy return is required from the direct-current 
circuit, through the current convertor, to the alternating- 
current system, the voltage conditions are approximately as 
shown in diagram (6) of Pig. 112. The load current I cannot 
change its direction, and hence the connections to the direct- 
current circuit must be changed over. The direction of the 
circuit voltages V and e will remain unchanged, but that of 
the anode voltages E must now be reversed, that is in opposi- 
tion to the current J. In the case of the invertor, then, the 
combined voltages E and e have first to be overcome by the 
direct-current supply voltage F before current can be made 
to flow through the invertor. Prom the diagram it is seen that 
the positive pole of the direct-current supply is now connected 
to the neutral point of the transformer, instead of to the 
cathode of the current convertor. In other words, when it is 
desired to invert direct to alternating current it is necessary 
to reverse the polarity of current convertor in relation to the 

* The author is indebted to Mr. J. E. Calverley for this method of repre- 
senting the circuit conditions. 
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direct-current system in addition to "‘reversing” the grid con- 
trol, i.e. increasing the ignition angle from the value a to the 
value (27t — a). Referring to diagram (6), it is seen that during 
inversion the current I decreases as the value of E becomes 
more negative, and increases as E becomes less negative, which 
are the reverse of the conditions obtaining during rectification. 

When transmitting power in either direction through the 
current convertor, stable operation can only be achieved when 
the current arc commutates from one anode to the next at an 
instant in which the anode carrying the decreasing current is 
at a lower potential relative to that of the anode to which the 
current a^ is just to be transferred. In other words, commuta- 
tion is only possible at instants in which the relative potential 
difference between the anodes is in the requisite direction to 
effect the current transfer. During the conversion of alter- 
nating to direct current this occurs naturally as a consequence 
of the anode-voltage sequence. When the apparatus is oper- 
ating as an invertor, however, the negatively increasing anode 
voltage, which now constitutes the back e.m.f. of the circuit, 
is utilized to cause the decrease in current which precedes com- 
mutation. The arc is extinguished at anode 1, for example, 
as soon as the anode voltage E^ attains the same value as the 
input voltage of the direct-current circuit. At this instant 
anode 2 is still at a relatively higher potential, so that com- 
mutation can be effected by momentarily applying a positive 
potential to its grid, which is, of course, normally negative. 
Anode 2 now carries the current which then decreases similarly. 
In the meantime, the voltage E^^ of anode 1 reaches and passes 
its negative maximum and then again attains the same value 
as the input voltage of the direct-current circuit. At this 
instant there is a tendency for the arc to transfer back again 
to anode 1, since the relative voltage is in the direction requisite 
to such transfer. It is prevented from doing so, however, by 
the fact that the grid of anode 1 has in the meantime reverted 
to its normal state of negative potential, so that no arc can be 
established. 

From these considerations, it will be appreciated that inver- 
sion is only possible with the aid of grid control. The control 
grids are necessary not only to determine the successive instants 
of arc ignition, but also to prevent re-ignition of the arc at sub- 
sequent and unsuitable points in the anode-voltage cycle. In 
the case of normal rectification a natural commutation of the 
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arc takes place in the region of positive anode voltage. With 
rectification at reduced voltage by grid control (diagrams {a) 
and (6) of Fig. 113) commutation stiU takes place in the region 
of positive anode voltage, but is forced, while in the case of 
inverted operation of the rectifier (diagrams {d) and (c) of Fig. 
113) forced commutation of the arc 
from anode to anode takes place in the 
negative region of anode voltage. At 
this stage it is as well to point out 
that the mercury-arc current con- 
vertor, when operating as an invertor 
in the above manner, cannot generate 
an alternating-current voltage in the 
sense that it can produce a continuous 
voltage by simple rectification of 
sinusoidal alternating voltages. The 
invertor requires, in addition to the 
suitable excitation of its control grids, 
an opposing voltage of fixed frequency. 

This back e.m.f. is generally provided 
either by an available alternating- 
current power system or by a syn- 
chronous machine operating as a fre- 
quency fixer. The frequency fixer 
may be either an alternator, or a 
synchronous motor or condenser pro- 
vided with a starting motor taking 
power from the direct-current supply. 

As soon as the frequency fixer has 
run up to speed, and delivers an oppos- 
ing voltage to the invertor, the start- 
ing motor can be shut down, since the 
frequency fixer then receives its driv- 
ing power directly from the invertor. 

When the mercury-arc invertor 
supplies power to an energized alter- 
nating-current system, the frequency of the invertor set is 
fixed and equal to that of the power system. The inversion 
of direct to alternating current is in such case said to be 
predetermined. In the other type of invertor, discussed above, 
the frequency is a function both of the field excitation of the 
synchronous machine and of the grid excitation of the current 

8— (T.6) 



Fig. 113 . Phase 

COMMTJTATION IN A GrID- 
GONTBOLIiED ClTRRENT 

Convertor 

(fl) and (&) = Eectification at re- 
duced voltage 

(c) == Condition of zero output 
voltage 

id) and (e) = Inversion at reduced 
voltage 

George Newnes Ltd. 
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convertor. If the frequency fixer is a synchronous motor, its 
speed can be varied within wide limits by altering its excita- 
tion and by varying the angle of arc ignition in the current 
convertor. In the case of mercury-arc invertors of this type, 
the inversion process is generally referred to as being self- 
determined. 

Current-convertor Control of Reversing Direct-current Drives. 



Fig. 114. Circuit Diagram of a Static Ward-Leonard Set 

a-j, Current convertors / = Anode 

& = D.C. machine g ~ Control grid 

c = Supply transformer i — Grid-control apparatus 

e ~ Field winding o == Control lever 

Siemens-Zeitschrif t 


Investigations have proved that inversion of direct to alter- 
nating current in the manner just described can in practice be 
effected over the entire load and voltage range of the current 
convertor ; that is to say, by making use of the voltage-regu- 
lating properties of grid control, the average anode voltage 
can be varied even when the apparatus is operating as an 
invertor. Thus, in the case of a motor load connected on the 
direct-current side of such a current convertor, regeneration 
can take place practically down to the standstill condition of 
the load. 

This important feature of the grid-controlled current con- 
vertor leads at once to the arrangement of a tandem conversion 
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unit, for controlling the speed and direction of rotation of a 
direct-current motor, which is analogous in its operation to the 
conventional Ward-Leonard arrangement of a motor-generator 
or rotary convertor. The skeleton circuit diagram of such a 
''static Ward-Leonard set” is shown in Fig. 114. With this 
arrangement the motor-generator or rotary-convertor unit is 
replaced by two grid-controlled rectifiers ai and supplied, 
through transformers c, from the alternating-current system, 
and connected "back-to-back” on the direct-current side. The 
motor whose speed and running direction is to be controlled 
has its armature b connected across the direct-current output 
bus-bars, whilst its field e is separately excited from some con- 
venient source of direct-current supply, such as an ordinary 
rectifier unit. Cross-connection of two rectifiers on the output 
side in this way is made possible by the correct operation of 
the grid-control apparatus i, which functions so that only one 
rectifier at a time is allowed to pass current. Should, by any 
chance, both rectifiers come into operation simultaneously, 
then a heavy short-circuit current would immediately circulate 
between them, a condition fraught with possible danger to the 
installation. For this reason particular care has to be exercised 
in the choice and design of suitable grid-control apparatus. 
It is fairly evident that some form of impulse system of grid- 
control is essential if accuracy of ignition-angle control and, 
therewith, stability of operation under conditions of varying 
load and voltage are to be obtained. 

The type of grid-control system most favoured is that making 
use of a synclnonously-driven impulse distributor in conjunc- 
tion with a direct-current source of grid excitation. The gen- 
eral principles underlying the operation of this method of 
impulse control were dealt with in Chapter IX, whilst its 
application to the control of a "reversible” mercury-arc cur- 
rent convertor is illustrated in Fig. 115. In the case of the 
static Ward-Leonard arrangement of Fig. 114, the grid-control 
apparatus comprises two imptdse distributors driven by a 
common synchronous motor ; and the control lever is coupled 
to both contact discs in such a way that these are phase- 
displaced in opposite senses. 

( a ) Rectifier Operation — ^Motor Running. During recti- 
fier operation only the positive half-waves of anode voltage 
are utilized, as it is only during such times that the individual 
anodes are positive with respect to the cathode. Normally, in 
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a polyphase rectifier system, each anode carries current as long 
as its potential is higher than that of the cathode. But the 
presence of inductance, e.g. smoothiag chokes or the armature 
of a motor, in the direct-current circuit may alter the circuit 
voltage conditions to quite a considerable extent due to energy 
storage in the inductance. In this case the instantaneous 



Fig. 115. Impulse Conteol with Dieect-current Grid 
Excitation 


Current convertor 
c = Transformer secondary 
d = Excitation arc 
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Control grid 
Grid supply potentio- 
meter 
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0 — Control lever 
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u, V, = Driving motor terminals 
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value of the driving e.m.f. in the direct-current circuit is no 
longer equal to the alternating voltage applied to the anode, 
but becomes greater or less according to the current-change 
taking place in the inductance. Consequently it is possible for 
an anode to continue carrying current even -when its potential 
has become negative with respect to the cathode, as shown in 
Fig. 116 (a). Here the e.m.f. induced by the current-change 
in the inductance overcomes the already negative anode voltage 
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and provides the driving e.m.f. necessary for maintaining 
the arc. 

If the rectifier is operating against a back e.m.f. F (Fig. 
117 (a) ), then the driving e.m.f. is reduced by this amount 
from Efj^ to £7^, and each anode will then carry current only so 
long as the residual driving e.m.f. exceeds the arc drop a. For 
the sake of simplicity no account has been taken in this dia- 
gram of any inductance also present in the direct-current 
circuit. When the instant of arc ignition is chosen so that the 



Fig. 116. Voltage Conditions 

(а) Voltage conditions with delayed arc ignition 

(б) Voltage conditions with arc ignition fully advanced 

0 = Zero -voltage ignition posi- z = Successive ignition instants 

tion q = Mean rectified voltage 

V == Angle of advance of arc t = Time axis 

ignition (| - a) Skmens-Zeitschrift 


anode voltage is just approaching zero, the mean value of the 
rectified voltage is small, as may be seen from Fig. 116 (a). 
On the other hand if the instant of arc ignition is advanced — 
for example, by moving the control lever o of Fig. 115 in the 
direction of the arrow I — then the output voltage can gradu- 
ally be raised until the maximum value is reached, as shown 
in Fig. 116 (6). A separately-excited direct-current motor sup- 
plied from such a grid-controlled rectifier can thus be started 
from rest by moving the control lever against the direction of 
rotation of the impulse distributor, and allowed to attain full 
speed. In the case of two such rectifiers cross-connected on 
the direct-current side, as shown in Fig. 114, when the motor 
is brought up to speed in a given direction by one rectifier 
the other rectifier is rendered inoperative. The motor can 
similarly be started from rest, and made to gather speed in the 
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opposite directioiij by reversing the movement of the control 
lever. This action retards the ignition angle of the first rectifier 
beyond the zero -voltage position, and the rectifier thus becomes 
inoperative. At the same time the ignition angle of the second 
rectifier gradually advances from the zero-voltage position 
until the motor reaches fall speed. It is seen, therefore, that 
during rectifier operation only one current convertor at a 
time functions so as to impress its output voltage on the 
motor, these voltages being in opposition. The direction of 



Fig. 117 . Cueeent Convertor Operation 

(a) Rectifier operation against back e.m.f. 

(b) Invertor operation due to back e.m.f. 

Siemens-Zeitschnft 


rotation of the motor then depends upon which current 
convertor is brought into operation by the control lever. 

(6) fcvERTOE Operation — Motor Regenerating. As 
mentioned above, the current convertor which at the moment 
is not operating as a rectifier also comes under the influence of 
the grid-control apparatus. But its ignition angle is delayed 
beyond the zero-voltage position (Fig. 117 (6) ), so that the blocking 
action at the anodes is removed when the anode voltages are 
negative. As the result, the current convertor tends to operate 
as an invertor in the manner described earlier on in the present 
chapter. At first no ignition of the current arc takes place 
because the driving e.m.f. is negative. Inversion can only 
commence when the back e.m.f. V of the direct-current circuit 
exceeds the anode voltage E^ in magnitude. If this condition 
is satisfied then a driving e.m.f. E^ is established which is 
sufficient to neutralize the e.m.f. generated in any circuit 
inductance and overcome the arc drop a, and thus to drive a 
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current through the rectifier in the normal direction from 
anode to cathode. This current is in the same direction as the 
back e.m.f. F of the direct-current circuit, but is opposed to 
the direction of the anode voltage E^. Such a condition 
denotes the supply of energy to the alternating-current system. 
In the particular case which we are here considering, where 
the back e.m.f. V originates in a direct-current machine, this 
condition of energy reversal simply means that the machine is 
operating as a generator, i.e. the motor is regenerating. The 



Fig. 118 . Irregularity op Arc Ignition during 
( a ) Rectification and (6) Inversion 
T = deionizing time 
Simens ‘ Zeit$chHJt 

magnitude of the regenerated current depends on the excess 
of the e.m.f. in the direct-current circuit over the anode volt- 
age — ^that is, upon the surplus driving e.m.f. available for 
overcoming the arc drop plus the circuit impedances. 

In the case of rectifier operation it is as a rule immaterial 
whether arc ignition takes place somewhat too early or some- 
what too late. Referring to Fig. 118 (a), if Z, Z indicate the 
normal instants of arc commutation and if, due to some fault 
in the grid impulse distributor, for example, the arc is estab- 
lished at any anode at the instant indicated by Z' in the diagram, 
the effect is merely to increase momentarily that particular 
anode's contribution towards the available driving e.m.f. in 
the circuit. The result is a momentary increase in the cur- 
rent supplied to the motor. If the ignition impulse is applied 
so early in the cycle (Z^') that the voltage of that particular 
anode is still below that of the anode immediately preceding 
it in the firing sequence, arc ignition cannot take place until 
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the instant in which both anode voltages are the same, as 
indicated at in Fig. 118 On the other hand, if arc 
ignition takes place later than normal (Z'") the effect is a 
momentary reduction in the driving e.m.f., resulting in a 
momentary decrease in current. 

The corresponding conditions are somewhat different in the 
case of invertor operation, as may be seen from Fig. 118 (6). 
Should arc ignition take place too soon, as indicated at Z' in 
the diagram, the current is commutated at an instant in which 
the back e.m.f. of the alternating-current system still has a 
low value. As the result, the driving e.m.f. in the circuit may 
become momentarily very large, so that the current may 
assume a very high instantaneous value. On the other hand, 
should the ignition impulse occur too late {Z") a condition 
arises in which the instantaneous voltage of the anode already 
carrying current has in the meantime become less than that 
of the anode to which the arc is to be transferred. Consequently 
the second anode is no longer in a position to pick up the arc 
and the first anode continues to carry the current, the driving 
e.m.f. increasing all the while. Eventually a point is reached, 
indicated at Z'" in the diagram, where the driving e.m.f. is 
no kmger the difference between the direct-current circuit 
e.m.f. V and the alternating-current back e.m.f. E^, but is 
equal to their sum, and where the instantaneous current in the 
circuit may reach a dangerously high value as the result. It 
will be appreciated, therefore, that the grid-control gear must 
at all times function so as to establish ignition of the arc at an 
instant (T) determined by the requirement that it leaves 
sufficient time for the preceding anode to be blocked by the 
reapplication of a negative grid potential. This requirement is 
met if the time interval between T and S — ^the latter being the 
latest instant in which arc commutation is still theoretically 
possible — exceeds the time necessary for deionization of the 
arc-discharge path. It is thus essential to stable operation of 
the mercury-arc invertor that some impulse system of grid 
control be employed. 

(c) Alternate Recthteb and Invertor Operation. In 
the application of a tandem current-convertor unit (such as 
that shown diagrammatically in Fig. 114) to the control of a 
reversing direct-current motor, it must be remembered that 
the individual current convertors are mutually exclusive in 
their operation. And in consequence of their being connected 
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“back-to-back” each current convertor corresponds to one 
direction of rotation of the machine, because the driving torque 
is determined by the flow of current through the armature. 



Fig. 119 . Control Diagram of Static Ward -Leonard Set 
a^, a I = Current convertors 
b ' = Direct-current motor 
i : = Grid control gear 
= Control lever 
Siemens-Zeitschrift 

The several operating conditions are indicated in the control 
diagram of Fig. 119. The upper quadrants refer to clockwise 
rotation, the lower to anti-clockwise rotation of the motor. 
Similarly, the right-hand quadrants relate to operation of the 
right-hand current convertor (grid-control lever o thrown 
to the right), whilst the left-hand quadrants correspond to 
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operation of the left-hand current convertor ai (grid-control 
lever o thrown to the left). The horizontal axis of the diagram 
indicates the motor torque (current), and the vertical axis the 
direction of rotation (voltage). With clockwise rotation and 
positive torque (Quadrant I) the direct-current machine func- 
tions as a motor, as it does also in the case of negative torque 
and anti-clockwise rotation (Quadrant III). On the other hand, 
if the torque and direction of rotation are in opposite direc- 
tions the machine functions as a generator, that is, regenera- 
tive braking of the motor takes place (Quadrants II and IV). 
By moving the grid-control lever from the extreme right to 
the extreme left the current convertors follow the operating 
sequence given by traversing the quadrants of the control 
diagram in the order I-II'-III-IV. 

The operating characteristics of such a static Ward-Leonard 
set are shown in Fig. 120. The equipment* comprises two 
six-phase glass-bulb rectifiers supplying a rolling-mill motor of 
110/170 kW output at 500 volts, the motor driving a strip mill 
at 1 000 r.p.m. The twin rectifier unit is fed from the 440-volt, 
three-phase, 50-cycle works supply through a transformer with 
two secondary windings connected on the double three-phase 
system. This explains the non-linearity of the characteristics 
in the vicinity of the zero-current axis. Experience has shown 
that the operation of such a tandem current-convertor unit is 
in every way the equal of a conventional Ward-Leonard set. 
In particular the smoothness and continuity of control over 
the entire speed range, and in both directions of rotation, 
obtained by means of grid control is strictly . comparable with 
that associated with the corresponding rotating type of plant. 

Regenerative Operation oi Traction Rectifier Substations. A 
valuable feature of the static inversion of direct to alternating 
current is the facility with which rectifier equipment can be 
adapted to meet the special requirements of direct-current 
traction systems in which a large proportion of the energy 
supplied to the electric tractor — ^whether locomotive, motor 
coach, tramcar or troUey bus — ^is returned to the substations 
when regenerative braking is employed after coasting periods 
or in the descent of long grades. 

* Installed in the Gartenfeld works of Messrs. Siemens-Schuckert Werke 
A.G., Berlin, in 1932. Early in 1934 this firm supplied a further static 
Ward-Leonard equipment for a large rolling mill in South Africa. As far as 
the author is aware these two are the only installations of this type in operation. 
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is the fixed polarity of the traction system. In consequence of 
this factor regenerative operation of a rectifier substation can 
only be achieved by reversing the polarity of the rectifier, 
since current-reversal is fundamentally impossible. An alter- 
native solution which presents itself in the case of tramway 
and trolley-bus systems, where the diversity of the load is 
such that the amount of energy to be regenerated is only a 
fraction of the substation output, consists in the provision of 
a small invertor unit connected permanently to the substation 
bus-bars, and arranged to come into operation as soon as the 
bus-bar voltage exceeds a certain predetermined figure — ^usually 
from 5 to 10 per cent above the normal voltage of the system. 
In considering main-line electric railway systems, on the other 
hand, the comparative infrequency of the service combined 
with the negotiation of heavy gradients may give rise to a 
situation in which the return of energy is at times equal to the 
full output of the substation at other times. To cater for this 
condition the rectifier equipment must be so designed as to be 
capable of handling the flow of the full amount of power in 
either direction. 

A type of rectifier substation which has been employed with 
some measure of success by the Italian State Railways for 
their 3 300-volt direct-current traction systems is that making 
use of a single grid-controlled steel-tank rectifier unit, together 
with appropriate switchgear and control gear for reversing its 
polarity. A typical scheme of this kind is shown in Fig. 121 
in which the rectifier A is shown supplied from the e.h.t. 
bus-bars through a transformer E, and connected to the direct- 
current bus-bars through reversing contactors K and a high- 
speed circuit-breaker L, The grid-excitation equipment is of 
the usual direct-current impulse type, comprising an impulse 
distributor G driven by a synchronous motor F fed from the 
e.h.t. bus-bars via the small transformer G. 

To obtain regenerative working of the rectifier it is necessary 
for the following sequence of operations to be made, dependent 
on a rise of bus-bar voltage of, say, 10 per cent persisting for a 
definite period of time — 

1. Disconnection of the rectifier unit from the direct-current 
bus-bars by opening of the high-speed circuit-breaker. 

2. Reversal of the polarity of the rectifier with reference 
to that of the traction system by means of the reversing 
contactors. 
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3. Adjustment of the grid-control gear in accordance with 
invertor operation, in place of rectifier operation. 

4. Reconnection of the rectifier unit to the direct-current 
bus-bars by closing of the high-speed circuit-breaker. 

In order to obviate the possibility of mal-operation it is 
necessary to provide interlocks so that the reversing con- 
tactors cannot effect the polarity reversal until the high-speed 



Fig. 121 . Fundamental Circuit Arrangement of a Reversible 
Rectifier Unit 
English Electric Co. 


circuit-breaker has opened, and, similarly, so that the latter 
cannot be closed until the reversing contactors have operated. 
The initiation of the operating sequence is effected by a master 
relay whose function must also be to determine the correct 
sequence in terms of certain circuit constants which are charac- 
teristic of the service conditions. In other words, to ensure 
polarity reversal of the rectifier unit at the correct moment, 
the operation of the master relay must be dependent upon 
some electrical characteristic of the traction system. It is of 
little use to make the action of this relay dependent upon the 
direct current attaining zero value if there is no means of 
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ascertaining what will be the direction of energy flow imme- 
diately afterwards. On the other hand, the bus-bar voltage is 
determined directly by the demand for energy, or by the 
surplus of energy available on the part of the traction system. 
At the same time it is determined also by the voltage of the 
e.h.t. system to which the rectifier system is connected. Por 
these reasons, then, it is essential to employ as a determining 
factor in the operation of the master control relay (indicated 
at Jf in the diagram) a quantity which does not depend merely 
upon a comparison of the voltage of the traction system with 
a certain fixed voltage, such as that obtained from a battery, 
for example, but which depends equally upon the voltage of 
the alternating-current supply. 

Satisfactory results have been obtained in the case of the 
Italian State Railways substations with a differential relay 
whose action depends on the difference between the direct- 
current bus-bar voltage and the r.m.s. voltage of the alter- 
nating-current bus-bars. Then if there exists a surplus of 
energy available throughout that part of the traction system 
fed by the substation, the direct-current bus-bar voltage will 
become the preponderating factor and the relay will function 
so as to initiate the operating sequence appropriate to regener- 
ative working, i.e. inversion of direct to alternating current 
at the substation. On the other hand, if there is a demand 
for energy on the part of the traction system, the alternating- 
current bus-bar voltage will exert a preponderating influence 
so that the relay will function so as to initiate the reverse 
sequence of operations, corresponding to normal working, i.e. 
conversion of alternating to direct current at the substation. 

The foregoing system of automatic control of a rectifier 
substation to achieve regenerative working as and when 
required has the undoubted advantage that only one rectifier 
unit is necessary. As far as the author has been able to ascer- 
tain the facts it would appear, however, that this system has 
not met with unqualified success, due to the difficulty in 
ppeatedly controlling the high-speed circuit-breaker, revers- 
ing contactors, and grid-excitation equipment from a single 
and necessarily delicate relay, and with the requisite speed, 
precision and reliability. The tendency recently has been 
towards making use of the conventional but more expensive 
arrangement of two independent conversion units, one con- 
nected permanently as a rectifier and the other as an invertor. 
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The rectifier unit need not necessarily he equipped with grid- 
control, although this is preferable from the point of view of 
interchangeability ; the invertor unit naturally depends upon 
grid-control for its operation. The arrangement is shown dia- 
grammaticaUy in Fig. 122, in which A and B represent the 



Fig. 122. Fundamental Circuit Arrangement oe Combined 
Rectifier and Invertor Unit 
English Electric Co. 


convertor units having secondary windings fed from a com- 
mon primary JS7.* The direct-current impulse distributors G 
and D are driven by a common synchronous motor F, supplied 
from the e.h.t. bus-bars through the auxiliary transformer G. 
In the case of a 3 000-volt traction system, for example, the 
two grid-excitation equipments are adjusted so that the recti- 
fier unit (J[) has an output pressure of 3 000 volts at fall load, 
and the invertor unit {B) has an input pressure of, say, 
3 300 volts. 

* As only on© convertor unit can operate at a time the kVA rating of this 
primary winding is that corresponding to full load on one secondary winding 
only: so that in the case of double three-phase operation of the twin unit 
the mean kVA rating of the transformer as a whole would be 1*65 times the 
kW output of either convertor miit at full load, i.e. 22 per cent more than in 
the case of a normal rectifier unit. 
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Under normal operating conditions the rectifier unit supplies 
energy to the traction system. As the demand for energy falls, 
the system voltage rises until eventually it reaches the no- 
load value of the output voltage of the rectifier unit, which 
then ceases to supply the system. As soon as a surplus of 
energy is available, the system voltage tends to rise above this 
value — ^which is also the input voltage of the invertor unit 
(3 300 volts) — and the invertor unit automatically commences 
to take current from the traction system and, in so doing, to 
return the surplus energy to the e.h.t. supply system. As the 
invertor unit operates at fixed voltage the current it takes 
from the traction system is determined by the amount by 
which the system voltage exceeds the input voltage of the 
invertor, which is in turn determined by the amount of surplus 
energy available. A balance between energy available at the 
direct-current bus-bars and energy returned to the alternating- 
current bus-bars is thus automatically maintained, so that 
stability of the invertor during periods of regeneration is 
assured. The reversal of energy flow takes place at zero value 
of the direct current and is a continuous process, two facts 
which constitute a further important advantage of this system 
of regenerative working over that making use of a reversible 
convertor unit. 

Fig. 123 illustrates a typical lay-out of a 2 000 kW sub- 
station containing a combined rectifier and invertor unit for 
suppl3dng a 3 000-volt traction system. The alternating-cur- 
rent supply is assumed to be three-phase at 88 000 volts and 
50 cycles. By comparison with Fig. 124 it is seen that the 
floor space occupied is less than one-quarter of that taken up 
by a motor-generator substation of the same output. The 
overall eflS.ciency of the rectifier equipment at full load is in 
the neighbourhood of 97 per cent, compared with about 90 
per cent, which is as much as can be expected from such a 
motor-generator set together with its transformer. At lower 
loads the advantage in favour of the static convertor sub- 
station is still more marked. For example, at half load the 
overall efficiency of the rectifier equipment will still be the 
same, whilst that of the motor-generator set will have fallen 
by nearly 10 per cent. With the converting plant and auxiliary 
Q-s shown in Figs. 123 and 124, the saving in capital 
cost in favour of static converting equipment lies between 8 
and 10 per cent. In actuality the balance in favour of the 
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static substation will be greater than this due to the absence 
of foundations and to the smaller dimensions of the substation 
building. 

The SeU-excited Single-phase Invertor. The polyphase inver- 
sion of direct to alternating cixrrent is characterized, as has 
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Fig. 123. Typical Lay-out of 2 000-kW Rectifier 
Invertor Substation 
English Electric Co. 


been shown in connection with the invertor applications dis- 
cussed in the preceding sections of this chapter, by the neces- 
sity for an alternating-current supply of constant voltage and 
fixed frequency. The reason for this is that the several alter- 
nating voltages of the polyphase system provide the means 
for phase commutation of the current arc ; whilst the periodicity 
of the alternating-current system determines the cyclical 
frequency of the commutating process. In other words, the 
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polyphase invertor functions in much the same way as the 
polyphase rectifier, and its operating characteristics too are 
not much different. But the process of inversion differs funda- 
mentally from the corresponding process of rectification in 
that it is not self-maintained. The reason for this essential 

U. J 
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Fig. 124. Lay-out of 2 000-kW Motob-geisterator Substation 
English Electric Co, 


distinction is not far to seek. In the case of the rectifier the 
commutation of the arc from anode to anode takes place 
naturally ; in the case of the invertor, on the other hand, arc 
commutation is forcibly initiated by appropriate excitation of 
the control grids. The commutating voltage is in both cases, 
however, a natural agency, characteristic of the circuit ; that 
is, of the combination of electrical apparatus necessary for 
both voltage transformation and current conversion. 

Now it is important to remember that, inasmuch as arc 
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commutation is purely a circuit phenomenon, the commutating 
function may be assigned to several types of circuit. Actually 
there are only five principal ways in which circuits can be 
employed to effect arc commutation in an invertor. These may 
be listed conveniently in accordance with the commutating 
processes which are characteristic of the different circuits, and 
are as follows. 

1. Phase commutation. 

2. Series-condenser commutation. 

3. Parallel-condenser commutation. 

4. Harmonic commutation. 

5. Frequency commutation. 

The first of these has been dealt with at some length in this 
chapter, as already mentioned. The second method is par- 
ticularly suited to three-electrode tubes of the thyratron type 
and has been fully described by Sabbah in the General Electric 
Review. The third of these methods is of considerable impor- 
tance, as it is both simple and stable in operation and is applic- 
able to industrial practice. The fourth system may be looked 
upon as a modification of the first, as it makes use of some 
harmonic of the fundamental frequency to effect commuta- 
tion, and its development is due to Willis. f Of the last method, 
viz. frequency commutation, practically nothing has as yet 
been published. J 

The condenser methods of commutation have the advantage 
that they give rise to a type of mercury-arc invertor which is 
self-maintained, and whose operation is analogous to the 
oscillating thermionic valve encountered in broadcasting and 
radio-telegraphy. As its name implies, parallel-condenser com- 
mutation employs a capacitance connected across two or more 
arc-discharge paths in parallel with each other, the periodic 
charging and discharging of the capacitance being instrumental 
in commutating the arc from one discharge path to the next. 
The self-maintaining feature is obtained by electromagnetic 


* Vide General JEJlectric Beview, 19S1, Vol, ^4, pp. 288, 580, and 738. 
t Vide C. H. Willis: “Applications of Harmonic Commutation for Thyra- 
tron Rectifiers and Invertors,” Paper No. 33-18 presented at the Winter 
Convention of the Am.I.E.E. in January, 1933. 

t An article by Dr. Willis on the “Thyratron Commutator Motor” is due 
to appear in the General Electric Beview, but at the time of going to Press this 
is not yet published. This particular type of alternating-current motor 
employs frequency commutation at starting and during low-speed operation. 
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coupling of the grid and anode circuits, so that the com- 
mutating frequency is determined by the electrical constants 
of the complete invertor circuit. The limiting upper frequency 
is determined by the time required for complete deionization 
of the arc discharge path to take place, and lies between 2 000 
and 5 000 cycles per second. The lower frequency limit for 
stable operation appears to be of the order of 5 cycles per 
second, and is fixed mainly by the prohibitive size and cost of 
the commutating condenser at very low frequencies. 

The only ‘‘paraller’ type of invertor which has so far reached 
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Fig. 125. Operation- of Self -excited Single -phase Invertor 

the commercial stage of development is the self-excited single- 
phase invertor illustrated diagrammatically in Fig. 125. The 
invertor is supplied with direct current through a smoothing 
reactor, and the commutating condenser C is connected in 
parallel with the primary winding of the output transformer, 
that is, between the two anodes and of the single-phase 
current convertor. The grids and 0^ are energized from a 
tertiary winding on this transformer, the neutral point of 
which is connected to the cathode via a current-limiting resist- 
ance Rq. The operation of such an invertor when loaded by 
a pure resistance Rj^ may be explained as follows. 

Referring to Fig. 125 (a), and considering the instant in 
which grid G-i has just become positive, the direct current 1^ 
will be carried by anode A^ as shown by diagram {d) of Fig. 126. 
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At the same time the condenser immediately commences to 
charge np, the charging current flowing through the other half 
of the transformer primary. After time therefore, == 
and /i = (/^i — Iq) ; this is shown by diagrams (6), {d) and 
(/) of Fig. 126, In other words the anode current I has two 
components, viz. the corresponding transformer primary cur- 
rent /i, and the charging current Shortly afterwards, at 
time ^ 2 ? the voltage of anode becomes positive, so that 
must be kept at a negative potential. At this instant also the 
transformer primary {E^, E^) and secondary (E') voltages are 
zero, as may be seen from diagrams (e) and {g) of Fig. 126. 
Comparing these with diagram {d) it is seen that this condi- 
tion does not exist until some time after the anode current has 
started, thus showing that the latter leads the induced voltages. 
This condition is fundamental to the operation of this type of 
invertor, and it is a principal function of the commutating 
condenser G to provide this phase relation. An important 
feature of such an invertor is that the condenser can be dis- 
pensed with entirely if the power factor of the load on the 
transformer secondary is leading to a sufficient extent, as 
under these circumstances the load provides the necessary 
phase relation for stable invertor operation. 

Some time after the instant t^, the condenser becomes fully 
charged. The condenser voltage Ec then reaches its maximum 
value — approximately twice that of the direct-current supply 
voltage V a — whilst the condenser current Ic falls to zero. This 
is shown by diagrams {a) and (6) of Fig. 126. At time t^ grid 
(?2 becomes positive. The anode voltage Ej 2 collapses to the 
arc drop value e, and the discharge path A^ — K thereby 
made conducting. As indicated in Fig. 125 (6) the condenser 
immediately discharges through the short-circuit path A^ — K 
— Ai, which is of exceedingly low impedance. The condenser 
voltage Eq is in opposition to the anode current so that 
the voltage of anode A^ becomes negative immediately the con- 
denser starts to discharge, as may be seen from diagram (c) of 
Fig. 126. As the result, the current carried by anode A-^ falls 
to zero, i.e. the arc is extinguished, and the impedance of the 
discharge path A^ — K immediately resumes the high value 
appropriate to the non-conducting state. The anode voltage 
Ej_^ remains negative until time t^ is reached, when it passes 
through its zero value once more. Hence the grid must be 
made negative again during the interval % — the duration 
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Fig. 126 . Voltage and Cubrent Wave Forms of Single-phase 
Invertor 


of wMch must be suck that complete deionization of the dis- 
charge path A-i — K can take place. If this condition is not 
fulfilled the grid G-i cannot regain control, and the arc will be 
re-established at anode A-^ the moment E^-y_ becomes positive 
at time ^4. It is a further priucijpal function of the commutating 
condenser C to provide this interval of time for deionizing of 
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the arc path. This deionizing period is determined by the 
capacitance value of the commutating condenser, and is 
approximately proportional to it. Under normal conditions of 
operation the deionizing time of such a mercury-arc invertor 
is of the order of 100 micro-seconds. 

As soon as fallen to zero (at time t^) the condenser 

commences to charge up with reversed polarity, the condenser 
current /<. diminishing in the process as may be seen from 
diagram (b) of Fig. 126. This charging current now flows 
through that half of the transformer primary connected to 
anode Ai, whilst the other half carries the remaining com- 
ponent of the anode current 7^2- shown in Fig. 125 (c), a 
condition is thus reached which is the same as that illustrated 
by Fig. 125 (a). This condition is maintained until the end of 
the cycle, at the instant ^1? when the condenser is again short- 
circuited by making grid positive once more. 

The foregoing explanation of the operating sequence during 
the inversion of direct current to single-phase alternating cur- 
rent takes no account of the finite time required for commuta- 
tion. The commutating condenser obviously cannot discharge 
instantaneously, as indicated in Fig. 126; neither can the 
current arc be transferred instantaneously from the one anode 
to the other. In practice the time required for complete com- 
mutation is determined by the latter consideration. As in the 
case of the rectifier, we meet with a definite angle of overlap in 
the invertor ; and it is readily seen that stable invertor opera- 
tion can only be obtained if the intervals each 

greater than the sum of the deionizing and overlap periods. And 
as the angle of overlap increases with load it is therefore essen- 
tial that the capacitance of the commutating condenser is large 
enough to ensure satisfactory commutation at maximum load. 

The Dual-conversion System of Static Frequency Changing. 
An important type of service for which the mercury-arc 
current convertor has been successfully employed in these last 
few years is the changing of frequency required on the Con- 
tinent, due to the supply of single-phase alternating-current 
railway systems at 16f cycles per second, and often in demand 
in this country also, due to the recent standardization of a 
frequency of 60 cycles per second. In general, where it is 
necessary to interconnect two alternating-current networks 
operating at different frequencies, an elastic link is to be pre- 
ferred. A rigid (i.e. synchronous) link should only be resorted 
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to where the two networks have the same frequency — ^in which 
case a transformer is the obvious interconnecting unit to be 
employed. The elastic method of interconnection is, however, 
of necessity very costly, on account of the large amount of 
auxiliary plant and control gear associated with asynchronous- 
synchronous frequency changers, so that the tendency has 
been, on the Continent at any rate, to make use of synchronous 
motor-alternator sets, providing a rigid coupling between the 
two alternating-current systems. But the increasing size and 
complexity of modern high-tension power networks, bringing 
in their train a host of perplexing problems connected with 
stability, voltage compensation and the interchange of reactive 
power, are making it almost essential for any interconnecting 
link to be completely elastic, that is, asynchronous in character. 

The introduction of the mercury-arc current convertor to 
modern electrical engineering practice has brought with it the 
possibility of applying such plant to the practical and economic 
solution of this frequency-changing problem. One solution in 
particular which will immediately be perceived, especially if one 
bears in mind the possible use of high-tension direct-current 
transmission,* is a static frequency convertor comprising a 
rectifier supplying direct current to an invertor. By the pro- 
vision of grid control it is then possible to interchange the 
functions of rectification and conversion in accordance with 
the direction in which the flow of power is required. 

Such a dual-conversion system of static frequency-changing 
is illustrated diagrammatically in Big. 127, as applied to the 
supply of a single-phase 16|-cycle traction network from a 
three-phase 50-cycle power system. In this case it is assumed 
that the lower-frequency system is devoid of synchronous 
machinery, and that the flow of power is in the one direction 
only. Under these circumstances the polyphase rectifier con- 
nected to the 50-cycle supply will be designed to operate at 
maximum efficiency, so that its direct-current output voltage 
will be high — of the order of 1 000 or 2 000 volts. The output 
current is fed to the single-phase invertor through a large 
smoothing reactor so as to reduce the harmonic ripple to a 
mi n imum value. Like the induction generator, the mercury- 
arc invertor requires a synchronous machine to determine the 

* CJ. H. Rissik: “Some Aspects of the Electrical Transirdssioix of Power 
by Means of Direct Current at Very Higli Voltages,” Journal LE.E., 1934, 
Vol. 75, p. 1. 
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frequency of the alternating-current output and to supply the 
reactive power requirements of the load. A synchronous con- 
denser connected to the output terminals of the single-phase 
invertor thus forms an integral part of this type of static 
frequency-changing unit. In addition, the machine supplies 
the magnetizing current of the invertor transformer as well 
as the harmonics inevitably associated with static current- 
converting plant. Considering the frequency convertor from the 
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point of view of energy transfer, the smoothing reactor and 
synchronous condenser each contribute to the storage of the 
instantaneous difference between the constant power input 
from the three-phase supply and the pulsating single-phase 
power output to the traction system. 

In the arrangement of Fig. 127, where the invertor unit is 
connected to a synchronous machine, the transfer of the cur- 
rent arc in the invertor from one anode to the other is effected 
in the normal way by phase commutation — a process which 
has been described earlier in the present chapter in connection 
with polyphase invertors. The actual commutating process 
in this single-phase case is illustrated by Fig. 128. As usual, 
commutation of the arc can only take place when the idle 
anode is at a higher potential than the working anode. Con- 
sequently the grid of the former anode must be made positive 
some time before the anode voltage passes through zero, the 
angle of ignition advance being indicated by a in the diagram. 
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Moreover, due to the inductive reactance of the alternating- 
current system supplied by the invertor, commutation is not 
effected instantly, but requires a certain time for its comple- 
tion. The commutating period is defined by the angle of over- 
lap u and is a function of the load. In order that the grid of 
the previously working anode may regain control after the 
arc transfer has been completed, a further time interval must 



Fig. 128. Output Voltage and Cubrent during Commutation 


be available between the end of the overlap period u and the 
zero passage of the anode voltage. This time interval is equal 
to the time required for deionization of the arc-discharge path, 
and is indicated by the angle <5. Under all conditions of invertor 
loading, therefore, the relation oi>u + d must always obtain, 
as otherwise the invertor will become unstable. 

The anode-current growth is shown in the lower diagram of 
Fig. 128. Initially the anode current follows the short-circuit 
current of the alternating-current system. As soon as it reaches 
a value equal to the short-circuit current of the direct-current 
supply system, it follows the normal course dictated by the 
impedance of the invertor circuit. It is seen that current and 
voltage are displaced in phase by the angle (a — ^), so that 
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the displacement factor**' is equal to cos (a — u). Further- 
more, the current leads the induced voltage so that the dis- 
placement factor of the invertor is leading — a condition already 
observed in connection with the self-excited type of single- 
phase invertor. The reactive power consumption of the 
invertor is, of course, proportional to tan (a — u), so that it is 
generally desirable to keep the angle of ignition advance as 



Fig. 129. Wattless Cxjrebnt Supply by the Syncheohous 
Condenser 
(cos == 0-7; a = 30°) 


small as possible. At the same time it must be large enough 
to ensure satisfactory commutation even under extreme over- 
load conditions, when the angle of overlap may be considerable. 

The single-phase system may be regarded as an alternating- 
current load on the invertor, and expressed by the load 
current The load will normally be inductive, so that this 

♦ That is, the quantity referred to as “power factor” in the case of normal 
sinusoidal alternating-current circuits. In the ease of current convertors and 
like apparatus, which introduce hamiomc distortion, power factor does not 
have the same meaning. This question is dealt with in Chapter XXv . 
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load, current lias two components : the power component Ij^j, and 
the reactive component The former only is supplied by 
the invertor, as the direct-current input cannot possibly con- 
tain a quadrature component. The reactive component of the 
load current must therefore be supplied by the synchronous 
condenser, which has already had to supply the reactive power 



(a) Resistive Load (cos <j>^ = f'O) 



Fig. 130. Ctjerent and Voltage Wave-form of a 1*5-kW 
Static Frequency Changer 


requirements of the invertor as determined by the angles a 
and u, as well as the harmonics necessary for maintaining a 
sinusoidal output. Denoting the power and reactive com- 
ponents of the invertor current by and respectively, and 
the harmonic component by 7^, we thus have : I — Ip ; 1 sc 
= Vli^R + ^ir)^ + where 1^0 is the total current sup- 
plied by the synchronous condenser. The variation of these 
several current components with load, as expressed by the 
angle of overlap u, is shown by the curves of Fig. 129. These 
refer to an angle of ignition advance of a = 30°, and to an 
inductive load of cos = 0*7, and it is assumed that the 
direct-current input is maintained constant by means of an 
infinitely large smoothing reactor. 

The results of tests carried out by Reinhardt on a 1 500-watt 
rectifier-invertor unit are shown in Figs. 130 and 131. Figs. 
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130 ((z) and 131 (a) relate to a resistance load on the single- 
phase side; whilst in the case of Figs. 130 (6) and 131 (b) the 
invertor loading was inductive with cos = 0*7. The fluctua- 
tion in value of the invertor current, due to the finite value of 
the smoothing reactor, is clearly shown in the upper oscillo- 
grams. The degree of fluctuation is conveniently expressed by 



Fig. 131. Opebating Cbcabactbristios op the I-S-kW Static 
Frequency Changer 

the UThd'UlOlI'lO'yb ^CtCtOT K — ilmux {,^max " 1 ' W^hich 

gives the ratio of the peak harmonic ripple to the mean current. 
The magnitude of the synchronous condenser current Igc 
depends not only upon the angle of overlap u (assuming oc to be 
kept constant), but also upon the value of K, As may be seen 
from the oscillograms, the effect of the undulation in the 
invertor current is to shift the centre of gravity of the half- 
wave towards the left, thereby increasing the phase displace- 
ment between the fundamental component of the invertor 
current and the output voltage. The additional reactive power 
consumption occasioned by this displacement is reflected in 
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the drooping of the displacement factor curve, cos ^ in Fig. 
131, at the lower loads. The displacement factor falls off more 
rapidly than one would expect from a consideration of the 
angle of overlap alone. Fig. 131 also shows the variation of 
the overall power factor 1, and the distortion factor ju with 
the load on the invertor. Furthermore, it is seen that the 
wattless current Isc supplied by the synchronous condenser 
increases very rapidly with falling load. At full load the kVA 
output of this machine is only two-thirds of the kW output 
of the invertor, whilst at one-quarter load the wattless power 
output of the synchronous condenser already exceeds the 
active power output of the invertor. 

According to Reinhardt, who has carried out further full- 
scale experiments with a 500 kW dual-conversion frequency 
convertor, the pronounced technical advantages of this system 
of static frequency changing, viz. complete elasticity of the 
link between the three-phase and single-phase networks, sim- 
plicity of power control, and high power factor on the three- 
phase side, are associated with the drawback of high initial 
cost due to the inclusion of the synchronous condenser. In the 
case of a single-phase load having a power factor of cos cf)^ 
= 0*7, the capital cost of such a static frequency-changing 
unit is likely to exceed that of an asynchronous motor-gener- 
ator set by as much as 15 per cent. A reduction in cost can 
only be brought about by reducing the size of the synchronous 
condenser, which, in turn, is only possible if means be avail- 
able for commutating the invertor current, after the induced 
voltage has passed through zero. To achieve, this end it is 
necessary either to dispense with phase commutation, and to 
employ instead the parallel-condenser method of commutation 
discussed in the preceding section, or to employ new methods 
of grid-control actually to extinguish the current arc at the 
appropriate instant in the voltage cycle. The former alter- 
native is more immediately practicable, but is likely to prove 
expensive ; the latter has already found some measure of success 
in the screened-grid controlled rectifier developed by Kobel.'*^ 
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CHAPTER XII 

THE MERCURY-ARC CYCLOCONVERTOR 

In the case of the dual-conversion system of static frequency 
changing discussed in the preceding chapter, the power factor 
of the load imposed by the frequency-convertor on the three- 
phase supply is obviously identical with that of a normal 
rectifier unit of the same output. The 50-cycle system in no 
way contributes towards the supply of reactive power to the 
lower-frequency system, and any demand for wattless (mag- 
netizing) current on the part of the latter must therefore he 
met either by existing synchronous plant or else by a machine 
specifically provided for this purpose — ^such as an alternator, 
synchronous motor, or synchronous condenser. The reason for 
this, of course, is the fact that the direct-current circuit con- 
stituting the power link between the rectifier and invertor 
elements of the static frequency-changing unit operates at 
zero frequency, and is consequently incapable of carrying a 
quadrature component of current; that is to say, it cannot 
transmit reactive power. 

Static frequency-changing arrangements which permit of 
the interchange of wattless power in addition to useful power 
are characterized by the absence of the direct-current link 
between the current-converting elements of the composite 
unit. In other words, the two alternating-current systems are 
directly coupled as regards the transference of both active 
and reactive power. Furthermore, such frequency-convertors 
possess no inherent means of energy storage, so that the power 
pulsation in the single-phase output is fuUy transmitted to 
the three-phase side, where it manifests itself as an asymmetry 
in the loading of the individual phases. 

Fundamental Considerations. Direct frequency-changing 
systems of this class employ two similar polyphase current 
convertors connected together in accordance with a common 
fundamental principle, namely, that of artificially building up 
an alternating voltage wave of lower frequency from successive 
voltage waves of a higher-frequency polyphase system. The 
author has given the term cycloconversion to this novel process 
of static voltage generation, and has accordingly designated 

237 
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static frequency-convertors of tMs type as cydoconvertors. 
Fig. 132 illustrates the fundamental circuit arrangement 
typical of all cycloconversion systems for changing three-phase 
alternating current at a given frequency into single-phase 
alternating current at a lower frequency. 

The three-phase system supplies two polyphase rectifiers 



Fig. 132 . CoNiraiCTioisrs and Output Voltage op Synchronous 
Cycloconvbetor 


tkrough the medium of, say, a 50-cycle transformer provided 
with a primary w'inding P and two secondary windings 
and The rectifiers Bp and are connected in opposition, 
i.e. “back-to-back,” on the output side, and the single-phase 
supply is taken jfiom the two cathodes. The rectifiers are con- 
trolled in such a manner* that they come into operation 
alternately. For example, in the case of a 3 : 1 frequency 
ratio, as illustrated in Fig. 132, one rectifier. Bp, carries 

* In. practice grid control is employed for this purpose. But early patent 
specifications, published before the grid-controlled rectifier became a fait 
accompli, illustrate and describe the use of drum-type controllers connected 
in the anode circuits for bringing the rectifiers into and out of operation. 
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current during one and a half cycles at supply frequency, and 
becomes idle during a further one and a half cycles in which 
the other rectifier, R^f, carries current. The positive direction 
of current-fiow in the single-phase load circuit is indicated by 
the solid arrow, the negative direction of current-flow by the 
broken arrows. As shown in the lower diagram of the illus- 
tration, the first rectifier then generates a positive half-wave 
of voltage at the lower frequency, whilst the other rectifier 
generates the corresponding negative half-wave. It is seen 
that the single-phase output voltage has a more or less rect- 
angular wave-form, which is a disadvantage that detracts 
from the general usefulness of this type of cycloconvertor. 

For this reason efiorts have in recent years been directed to 
improving the wave-form and, in particular, to obtaining a 
sinusoidal output voltage, having a periodicity of 16| cycles 
per second, from a 50-cycle supply. Two principal solutions 
of this particular problem have been reached, both of them 
being based on what has come to be known as the 
method of cycloconversion. One of these solutions provides a 
frequency change which is completely sjmchronous, as is that 
shown diagrammatically in Fig. 132. In the case of the other, 
the change of frequency is asynchronous in character, so that 
the cycloconvertor constitutes a flexible link between the 
three-phase and single-phase systems. Both types of envelope 
cycloconvertor, however, are characterized by the fact that 
the frequencies of the two alternating-current systems are of 
necessity fixed in the ratio of 3 to 1. 

The conditions of current flow and the voltage wave-forms 
on the three-phase and single-phase sides of a cycloconvertor 
of the simple type shown in Fig, 132 are depicted in Fig. 133. 
The blocks of current flowing in the anode circuits of the two 
six-phase rectifiers are indicated by 1, 2, 3 ... 6. These 
anode currents, of course, flow in succession and appear in 
the single-phase output circuit as the sinusoidal current i. 
The corresponding blocks of current flowing in the three phases 
of the transformer primary are indicated by the shaded areas 
1, 2, 3 ... 6. It is seen that they are not symmetrically dis- 
tributed with respect to the three phases. One phase current 
(40 has, in fact, an r.m.s. value approximately 7 per cent 
greater than that of the remaining two (4' and 40* 

* The reason for this rather peculiar term will become apparent later on 
when considering the mode of generating the lower-frequency voltage wave. 

9-(T.6) 
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Fig. 133 . Output and Input Voltage and Curbbnt 
Wayb-fobms 


(a) = Single-phase output voltage e (c), (d),(e) — Three-phase input voltages 

(b) = Single-phase output current i e\, e'g* ^'2 currents ^"*1, i'2, i'3 

In the case of the six-phase cycloconvertor unit of Figs. 132 
and 133, the ratio between the r.m.s. and peak values of 
the single-phase voltage e is found to be 0*85. Assuming a 
transformer turns-ratio of 1 : 1, then the peak values of the 
single-phase and three-phase voltages are equal; so that we 
have E == 1-2-B'. Moreover, we have P — + W)^* 

Assuming all three primary currents to have the same r.m.s. 
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value r, we may, therefore, write I = (VS)/'. Now the kW 
output (single-phase) of the cycloconvertor at unity power 
factor is El, whilst the corresponding kVA input (three-phase) 
is ZET. The ratio of these two quantities — ^the utility factor 
of the cycloconvertor — ^is thus ElfSE'!' = ^ x 1-2 x v'3 
= 0-693 and is, in fact, identical with the distortion factor of 
the primary winding. If the latter is delta-connected, the hne 
currents will have an r.m.s. value equal to {■\/2)r, due to the 
absence of the third harmonic.* The hne kVA is thus 

( V3) . E’ . {^2)1 = {^/6)ET 

The true distortion factor of the cycloconvertor is consequently 
El 1 

^ ~ {‘\/&)WT “ ^ X a /3 — 0-85 

In the case of a normal six-phase rectifier, the distortion factor 
is 0*955; so that a cycloconvertor increases the line-cnrrent 
distortion by some 12 per cent as compared with a rectifier of 
the same kW output. These relations naturally hold good only 
where the kW and kVA outputs on the single-phase side are 
numerically the same, that is, if the power factor of the single- 
phase load is equal to unity. If reactive power is transmitted 
from the three-phase system to the single-phase system in 
addition to active power, then, neglecting the magnetizing 
kVA of the transformer, the kVAR input must equal the 
kVAR output. And as reactive power is primarily a function 
of the frequency of the alternating current and is, in point of 
fact, inversely proportional to the frequency, we obtain the 
simple relation : tan J tan where cos is the displace- 
ment factor on the three-phase side corresponding to a power 
factor cos <l> of the single-phase load. This relation may also 
be expressed as cos cj)' — 1/V(1 + i The power factor j 

of the cycloconvertor is then finally given hj X = fx cos <f)' 
= 0*85/V(l+itan2^). 

The Ssmchronous Envelope Cycloconvertor. The synchronous 
system of envelope cycloconversion is due to L5bl,J who seems 
to have been the first to attempt to improve the wave-form 

* Gf, Chapter V : Six-phase Rectification. 

t Vide Chapter XIV. 

X Vide O. Lobl: “The L6bl-RWE Cycloconvertor as Applied to Single- 
phase Traction Supply,” Elektrische Bahnen^ 1932, Vol. 8, pp. 65-69. 
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of the single-phase output voltage. With this system the suc- 
cessive phases of the transformer secondary windings are graded 
with respect to voltage in such a manner that the envelope of 
the anode voltage waves provides the desired sinusoidal wave- 
form.* The amplitudes of the successive anode voltages vary 
as the cosine of the angle between the midpoints of the anode 
and output voltage waves. Thus in the case of the six-phase 
system illustrated in Fig. 134, phase 1 has a voltage 33 per 
cent, phases 2 and 6 have voltages 73 per cent, and phases 3 
and 5 have voltages 93 per cent of that of phase 4. 



Fig. 134 . Output Voltage op the Lobl Cycloconvertor 
George Newnes Ltd. 


The current wave-forms obtained on the three-phase side 
are generally similar to those shown in Fig. 133. An analysis 
of these has been carried out by Feinberg, who has found the 
following expressions for the active and reactive components 
of the line current, assuming a transformer ratio of 1 : 1 

IV = 0-54/ cos <f>\ IV = 0T8 I sin (j> 

where cos is the power factor and sin <j> the induction factor 
of the single-phase load. As is to be expected, the above 
expressions give rise to the general relation 

tan (j>' = IV/IV = i fan <l> 

between the angular phase displacements of current and voltage 
on the two sides of the cycloconvertor. The distortion factor 
of the Lobl type of cycloconvertor is somewhat lower than that 
of the straightforward unit discussed in the preceding section, 
and is equal to = 0*76 with unity power factor on the single- 
phase side. The relation between power factor 2, distortion 

* Hence the term envelope cycloconvertor. 
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factor n, and displacement factor cos on the three-phase 
side, and the single-phase power factor cos ^ is indicated by 
the curves of Fig. 135. The variation in the mean kVA rating 
Py of the associated transformer with cos <f>, assuming a con- 
stant kVA output P, is also shown in the diagram. 



Fig. 135 . Input Power Relations of the Lobl 
Cycloconvbrtor 


Up to the present little information has been published about 
the performance and general operating characteristics of the 
Lobl cycloconvertor. It is known, however, that towards the 
end of 1931 tests were carried out with a medium-sized unit, 
comprising two 100-kW steel-tank rectifiers, which was em- 
ployed to supply a type B-B goods locomotive (equipped with 
two 400 kW motors) loaned by the German State Railways 
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and arranged to run on a 2^-niile single-phase track belonging 
to the Rheinisch-Westfalische Elektrizitatswerke. The general 
working of such a cycloconvertor was demonstrated first of all 
by its ability to supply various kinds of single-phase load, e.g. 
a resistance dissipating 200 kW, a 120-kVA reactor, and a 
160-kW traction motor. The cycloconvertor unit was designed 
to deal with approximately 100 kVA, at 544 volts and 16f 
cycles per second, on the single-phase side. The supply was 
three-phase at 418 volts and 50 cycles per second. These tests 
indicated that the unit had an overall efficiency of 91 per cent 
at full load, and that the efficiency remained constant for all 
values of cos <j> between zero and unity. The voltage drop 
between no load and full load amounted to 10 per cent at 
unity power factor, and 8 per cent at cos ^ = 0'7. 

The Asynchronous Envelope Cycloconvertor. The outstand- 
ing feature of the Lobl cycloconvertor is that it compels a 
rigid phase relationship between the higher-frequency and 
lower-frequency alternating-current systems. This inherent 
rigidity in the frequency-changing process constitutes one of 
the principal disadvantages of this type of cycloconvertor, 
notwithstanding that it produces, in a relatively simple 
manner, a single-phase output voltage which approximates 
closely to the sinusoidal in wave-form. An improved type of 
cycloconvertor, which combines the ‘‘envelope” method of 
providing a close approximation to the true sine wave with 
a means for giving the frequency conversion process an 
asynchronous character, has been successfully developed by 
Eframer and is illustrated diagrammatically in Fig. 136. 

The trapezoidal output-voltage wave of Fig. 132 is changed 
to an approximate sine wave by having superposed upon it 
a 33J per cent negative third-harmonic voltage, i.e. an 
alternating voltage having a periodicity of 3 x 16f = 50 
cycles per second. This additional voltage is obtained from an 
induction regulator having a single-phase secondary winding 
connected in series with one of the rectifier units of the 
eycloconvertor. The three-phase primary winding of this in- 
duction regulator is then fed from the 50-cycle supply. In other 
words, the Kramer cycloconvertor employs a transformer with 
symmetrical secondary windings together with an induction 
regulator connected in the low-frequency circuit and excited 
from the three-phase supply. 

The resulting frequency-change is quite asynchronous in 
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character, as the rotor of the induction regulator is free to 
rotate and may take up any phase position with respect to 
the stator. The relative phase position of the voltage added 
by the regulator, and thus of the resultant single-phase out- 



== Trapezoidal wave of fundamental frequency (16J cycles) 

63 = Sinusoidal wave of third harmonic frequency (50 cycles) 
e = Resultant voltage wave 

e' = Rimdamental component of resultant voitage wave 
Fig. 136 . Connections and Output Vodtage op Asynchronous 
CyCLO CONVERTOR 

put voltage of the cycloconvertor, is then determined solely 
by the frequency and phase relationships of the two alter- 
nating-current systems. If, for example, the frequency ratio 
varies slightly from the normal, the rotor of the induction 
regulator rotates slowly at a speed corresponding to the fre- 
quency difEerence. This is illustrated by Fig. 137, the upper 
diagrams of which indicate two different phase positions of 
the induction regulator. In the one case the additional volt- 
age is in phase with the voltage of anode 1, whilst in the other 
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case it is displaced from this position by 30 electrical degrees. 
The latter position represents a displacement in phase of the 
resultant single-phase output voltage of 10 electrical degrees. 
In the lower diagram the fundamental component of the out- 
put voltage is indicated by the dotted curve. ^ The full-line 
curve is the resultant single-phase voltage, and it is seen that 

the wave-form compares 
favourably with that of the 

K L5bl cycloconvertor given 
in Fig. 134. 

A 4 000-kVA asyn- 
chronous cycloconvertor 
I has recently been installed 

by the German State Rail- 
ways to supply the Wiesen- 
thal section of their railway 

system in Baden. The 

equipment has a continu- 
ous rating of 3 600 kVA, 
and can carry 4 000 kVA 
for half hour and 6 000 kVA 
Fig. 137. Phase-shipt of Output for one minute. It is de- 

Voltage wim^RE^sPECT to Input convert thxee- 

Gm-ge Newnei m. phase alternating current 

at 45 kilovolts and 50 
cycles, obtained from the Rheinfelden Power Transmission 
Co.’s supply network, to single-phase alternating current at 
17 kilovolts and 16f cycles as required by the traction system. 
The power factor of the traction load is normally cos (jf) = 0*7, 
under which condition the full-load efficiency of the cyclo- 
convertor is 90 per cent. At half load the overall efficiency 
attains 91 per cent. The power factor, i.e. the ratio of kW 
to kVA, on the three-phase side is A = 0-6 for cos ^ = 0*7. 
The all-day efficiency of this static frequency-converting unit, 
based on an average load factor of 30 per cent, is estimated 
at 83 per cent. This figure represents an improvement of 19 
per cent as compared with modern rotating plant of the same 
output, and of no less than 26 per cent as compared with the 
existing converting plant which was installed in 1913. 

* Cf, EleUrotechnisches Zeitsdirijt, 1934, Vol. 55, p. 65; also EleJctrische 
Bahnen, 1935, Vol. 11, p. 235; and ibid., 1937, Vol. 17, pp. 191 and 203; 
Siudi A.E.G. Mitteilungen, 1938, p. 66, 
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The Grid-Controlled Cycloconvertor. In spite of the undoubted 
advantages arising from good wave-form of the single-phase 
voltage, the Lobl and the Kramer cycloconvertor have one 
drawback in common, namely, that they operate with a fixed 
frequency ratio, the value of which is of necessity 3 to 1. And 
it is more than fortunate that the standard frequency for 
alternating-current traction supply on the Continent has 
become 16f cycles per second, as otherwise there would have 
been little prospect of being able to develop such systems of 
cycloconversion to an extent which would allow of their general 
application to static frequency changing. 

The synchronous type of envelope cycloconvertor has the 
further disadvantage of being applicable only in cases where 
generating plant is absent on the single-phase side. As a rule, 
the continental traction systems are supplied from their own 
power stations, so that the frequency of the single-phase 
system to which the cycloconvertor is connected bears no fixed 
relation to the frequency of the single-phase output from the 
cycloconvertor. For this reason the asynchronous type of 
cycloconvertor discussed in the preceding section is more likely 
to be of general application in linking up existing traction 
systems, operating at a frequency of 16f cycles per second, 
with 50-cycle industrial power networks. 

Both types of cycloconvertor, however, have in common an 
inherent functional weakness that is fundamental to the enve- 
lope method of static frequency changing. This disability, 
which is perhaps not immediately apparent from the mode of 
operation of such cycloconvertors, is the fact of their being 
limited in their capacity to transfer reactive power from the 
higher-frequency to the lower-frequency system. It is neces- 
sary to be clear on this point, about which a considerable 
amount of confused thinking prevails. In the envelope cyclo- 
convertor the use of grid control extends only to preventing 
the operation of one rectifier unit during the half-cycle of 
lower frequency in which the other rectifier unit is carrying 
the single-phase load current. That is to say, grid control is 
not essential to the correct functioning of such freguency con- 
vertors (as may be observed from early patent specifications) 
but its adoption considerably simplifies the apparatus. 

For such a cycloconvertor to supply an inductive load, it is 
a necessary condition of its operation that the individual 
rectifier units can carry at all instants in the lower-frequency 
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voltage cycle the reactive as well as the active component of 
the load current. Assuming, for example, a single-phase load 
of zero power factor, this condition implies that each rectifier 
unit in turn must he in a position to carry current for a further 
one-quarter of a cycle heyond its normal operating period, i.e. 
the half-cycle corresponding to resistance-load working. In 
the case of normal rectifiers, it is manifestly impossible for 
such a condition to be fulfilled. But the provision of control 
grids, together with appropriate means of grid excitation, does 
permit a rectifier to be made conducting during the negative 
half-cycle of anode voltage; for upon this fact rests the 
principle of operation of the mercury-arc invertor. 

To enable a cycloconvertor to transmit reactive power as 
well as active power, therefore, it is necessary that each of its 
two constituent rectifier units should operate as an invertor 
during certain periods of the lower-frequency cycle. That this 
must be so is evident from energy considerations alone. As 
explained in Chapter XIV, reactive power is characterized by 
the fact that it oscillates about zero mean value. That is to 
say, it represents a component of the total or apparent power 
which is periodically changing its direction, and at a frequency 
which is twice that of the alternating current. During one- 
quarter of the lower-frequency cycle, the cycloconvertor will 
therefore transfer a momentary excess of power to the lower- 
frequency circuit which it must be able to return to the supply 
system during the next quarter-cycle. 

Static frequency arrangements which fulfil this requirement 
consequently operate in accordance with principles which differ 
fundamentally from those underlying the envelope cyclo- 
convertor. The first indication of any practical form of 
cycloconvertor based on such principles appears to have been 
given by Hazeltme in 1923.^ His original patent specification 
includes an arrangement of electric valves designed to operate 
in such a manner that by stringing together portions of 
voltage waves pertaining to a three-phase 50-cycle alter- 
nating-current system, composite voltage-waves alternating 
at a frequency of 10 cycles per second were obtained which, 
when taken in rotation, provided an essentially four-phase 
alternating-current supply. The main feature of such a 
method of frequency conversion is that the frequency ratio may 

* British Patent Specification No. 218675, dated 4th January, 1926. This 
patent lapsed in 1929. 
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be chosen at will, and thus depends only upon the particular 
way in which the valves are controlled. And it is for this 
reason that such static frequency convertors are termed grid- 
controlled cycloconvertors. 

The mode of operation of one such cycloconvertor — ^the 
variable-ratio cycloconvertor developed by Schenkel and von 
Issendorff* in 1931, and sponsored by the Siemens-Schuckert- 
werke A.G. — ^is perhaps best understood by considering the 
grid-controlled rectifier as apphed to voltage regulation when 
converting alternating to direct current. If the grid-control 



Fig. 138. Theoeeticai. Output Voltage of the Siemeits-Schuokeet 
Vajeuable-ratio Cyclocon-vertor 
English Electric Co. 

gear is arranged to operate in such a manner that the direct- 
current output voltage of the rectifier is periodically varied 
from zero to a maximum and back again to zero, then it is 
possible in this way to generate a pulsating direct current, the 
frequency of the pulsations being lower than that of the alter- 
nating-current supply. Furthermore, if two such currents of 
opposite sense are allowed to pulsate alternately in an electric 
circuit, one obtains a simple alternating current. The frequency 
of this alternating current is determined by the frequency at 
which the output voltages of the two rectifiers — each of which 
generates a half-wave, as in Fig. 132 — are varied from zero to 
a maximum and back to zero again. The theoretical wave- 
form of the lower-frequency output voltage obtained from 
such a cycloconvertor, in the case of a 3 : 1 frequency ratio, 
is shown in Fig. 138. It is seen that each half-wave is built up 
of different portions of the successive half-waves of anode volt- 
age, the average effect over the whole cycle being equivalent 

* Vide M. Schenkel: “An Asynchronous System of Static Frequency 
Conversion for the Supply of Low-frequency Traction Networks,” Elektrische 
Bahnen, 1932. Vol. 8, pp. 69-73. 
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to that of a true sinusoidal voltage. The magnitude of the 
effective portion of each anode-voltage wave is dependent on 
the phase angle of arc commutation which, in turn, is deter- 
mined by the grid-control apparatus. As shown in Fig. 138, 
at the beginning and end of each half-cycle {R) the ignition 
of the arc is fully retarded, and the effective rectified voltage 
is a minimum; whilst at the middle of the half-cycle (A) the 
ignition is fully advanced and the effective rectified voltage is 
a maximum. 

The required variation of the ignition angle may conveni- 
ently be obtained by bias-shift control of the grid potential, 
whereby a low-frequency, alternating bias potential is super- 
imposed upon the pol 3 rphase grid-excitation voltage which is 
of normal supply frequency. The main connections of such 
a variable-ratio cycloconvertor designed to interconnect a 
three-phase 50-cycle power system with, say, a 16f -cycle 
single-phase traction system are shown in Fig. 139. The 
power system suppHes a transformer with two secondary 
windings which, in turn, supply two six -phase grid-controlled 
rectifier systems combined in a single container and with a 
common cathode. Each rectifier system supplies one-half of 
the primary winding of a single-phase output transformer, 
the secondary of which is connected to the lower-frequency 
traction network. Bias-shift control of the grid excitation is 
then obtained by means of a small single-phase control 
transformer energized from the lower-frequency supply. 

From the above considerations it is clear that the charac- 
teristic operating feature of the variable-ratio cycloconvertor 
is that the wave-form of the single-phase output voltage is not 
determined before rectification takes place, as in the case of 
the envelope cycloconvertor, but is actually generated during 
the rectification process and is, in fact, the outcome of the 
peculiar way in which normal rectification of an alternating 
voltage may be modified by grid control. As a direct conse- 
quence of this characteristic mode of operation, the output 
voltage suffers a greater distortion than in the case of envelope 
cycloconvertors where natural commutation of the current arc 
takes place. But this distortion can be considerably x'educed 
by employing twelve-phase rectifier systems. Even in the case 
of a six-phase cycloconvertor unit, however, the harmonic dis- 
tortion occurring both in the output voltage and the input 
currents is actually much less than one would be led to expect 
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from theoretical considerations alone, due to the inductive 
reactances inevitably present in the circuit. This is clearly 
illustrated by Fig. 140, which gives two oscillograms obtained 
with an 800-kVA cycloconvertor of this type. The upper 
oscillogram shows the three-phase input voltage and current 
(50 cycles per second) and the single-phase output voltage 



Fig. 139 . Circuit Connection of the Siemens-Schuchert Variable- 
ratio Cycloconvertor 
English Electric Go. 


(16f cycles per second) with a load of 490 kVA, whilst the 
lower oscillogram relates to a load of 560 kVA. It is par- 
ticularly interesting to note in these oscillograms the pro- 
nounced reaction of the lower-frequency system upon the 
higher-frequency supply. It is seen that the alternative posi- 
tive and negative blocks of primary current exhibit a regular 
and cyclic variation in magnitude, the frequency of this varia- 
tion being that of the single-phase output. This characteristic 
feature of all systems of direct frequency changing, i.e. of 
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cycloconversion, was referred to at the beginning of the pre- 
sent chapter, and is also indicated in Fig. 133. 

That the variable-ratio cycloconvertor is fully capable of 
supplying the wattless power requirements of the lower-fre- 
quency network directly from the higher-frequency system is 



(A) Sing/e - phase Output ^ 4-BO kVA . 



(B) Single -phase Output : SSOkl/A. 

Fig. 140. Actvaii Current and Voltage Wave -forms Obtained 
WITH AN 800-kVA Cycloconvebtor 
(a) = Input voltage (6) = Input current (c) — Output voltage 

Siemem-SclmehertW6rk& 

clear from Fig. 141. Here e represents the lower-frequency 
voltage wave, and % a reactive current lagging by 90 degrees ; 
or 4 is a reactive current leading by 90 degrees. It is seen that 
the rectifier system which provides the positive half-wave of 
the voltage e must be capable of delivering current already 
before the commencement, and even after the completion of 
the voltage half-wave. In other words, the supply of current 
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from the rectifier system is by no means limited to a half- 
period, as is the case where the cycloconvertor is supplying a 
non-inductive load. Each rectifier, then, must be in a position 
to supply current during any part of the output-voltage cycle. 
For this reason grid control is essential to permit of current 
flow through each rectifier during its negative half-period of 
anode voltage, provided that the available voltage of the out- 
put circuit is sufficient to drive a current through the rectifier 
under these conditions. As may be seen from the illustration, 
the reactive current %, for example, does not cease to flow 



Fig. 141 . Transmission of Reactive Power through the Siemens- 
ScHUCKERT Variable -ratio Cyclo convertor 
George Newnes Ltd. 


when e passes through zero. By means of grid control the 
rectifier can be made to deliver current during the negative 
half-cycle of anode voltage so that the current % continues to 
flow until it reaches zero value of itself. During this latter 
period the commutation of the current arc from one anode to 
the next is forced, as in the case of inverted operation of the 
ordinary rectifier. This state of affairs is indicated by the 
arrows in the diagram. 

The ability of the variable-ratio cycloconvertor to supply 
any desired amount of reactive power to the lower-frequency 
system is a factor of very great importance, and constitutes 
one of the main advantages of this method of static frequency 
changing. 

Fig. 142 shows the operating characteristics of the SOO-kVA 
cycloconvertor unit previously referred to in connection with 
Fig. 140, when supplying a traction-motor load of power 
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factor cos ^ = 0*95, and for two values of tlie output voltage. 
It is seen that the power factor on the three-phase side varies 
but httle with the load, as is to be expected in the case rectifier 
equipment. On the other hand, due to the use of grid control 
for varying the single-phase voltage and therewith the power 



Fig. 142. Opeeating Chaeacteeistics of the 800-kVA 
Cycloconvertoe 
English Electric Co 


output of the cyoloconvertor, the primary power factor falls 
in. proportion to the reduction in output voltage. A 2 600-kVA 
cycloconvertor of this type has recently been installed in the 
Saalach power station of the German State Railways.* 
Mention should perhaps also be made here of a further type 
of cycloconvertor very recently developed by Heppner and 
Kantorowicz,t which was awarded the prize given by the Ger- 
man State Railway authorities in 1933 for the most promising 
system of asynchronous frequency conversion employing static 

* Ss&BiektriacheBahnen, 1934, Vol.lO.p. 10;andi6id;., 1935, Vol. 11, p. 235. 
t German patent application dated 18th January, 1983. 
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apparatus. The principal connections of this ingenious cyclo- 
convertor are given in Fig. 143. The three-phase supply is 
transformed to a six-phase supply at the 50-cyele bus-bars of 
the cycloeonvertor unit. Each bus-bar feeds three phases of 



Fia. 143 . Fundamental Circuits of the Heffner Variable -ratio 
Cycloconvertor 


the eighteen-phase primary winding of the output trans- 
former, the three phases being displaced in phase from one 
another by 120 electrical degrees as shown. The neutral points 
of this secondary winding are brought out to a six-phase grid- 
controlled rectifier F, the cathode of which is connected to the 
anodes of three single-phase rectifying valves, Fi, Fg and Fg. 
These may conveniently be of the hot-cathode type. The 
cathodes of these valves are in turn connected to the three 
neutral points of the six -phase transformer secondary jSi. The 
secondary winding Sq of the output transformer is shown 
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single-phase, but may equally well be arranged as a three- 
phase winding. 

The mode of operation of the cycloconvertor is briefly as 
follows: As each one of the bus-bars is connected to three 
symmetrically-spaced points on the periphery of the trans- 
former winding these three points will always be at the 
same potential, and will be positive simultaneously once in 
every cycle of primary frequency. By appropriate grid control 
of the rectifier R it is arranged that only one of these three 
phases is allowed to carry current at a time, the three being 
taken in rotation; so that once in every three cycles of 
primary frequency each phase of P2 delivers current from 
the bus-bars to the rectifier R. As the result, the cyclical 
frequency of the phase voltages generated in the primary 
winding of the output transformer is one-third that of the 
three-phase supply, and the secondary winding S2, therefore 
delivers a sinusoidal output at 16 f cycles per second. 

As far as the author is aware, financial considerations have 
so far prevented the German State Railway authorities from 
pursuing the development of this new cycloconvertor to a 
commercial stage, particularly in view of the fact that a large 
measure of success has already been achieved with both the 
envelope and the grid-controlled types of static frequency 
convertors. 
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CHAPTER XIII 

MISCELLANEOUS TYPES OP ELECTEIC 
DISCHAEGE DEVICE 

Up to the present we have considered only those applications 
of the electric discharge device in which the amount of power 
handled by the apparatus is considerable. But it must not be 
thought, therefore, that, because they are perhaps the most 
imposing, such power applications are the most important. 
In our natural enthusiasm for the spectacular, in engineering 
achievement no less than in matters of daily life, we are rather 
apt to forget that the control of power is of scarcely less 
moment than are its generation and conversion ; and that in 
consequence the development of the relay — electricity’s “lever,” 
whereby a small effort may be translated into a much larger 
force — has come to occupy a foremost position in our electrical 
engineering technique. 

The majority of relays operate by essentially electro-mechan- 
ical means, and we have thus become accustomed to thinking 
in terms of this particular type of apparatus when considering 
the possibilities of relay action. But if we accept the definition 
that a relay is a device whose function is to enable electric 
power in considerable quantity, as carried by a heavy current 
at normal voltage, for example, to be controlled by a rela- 
tively small amount of energy, such as that associated with a 
fl[ash-lamp battery, to cite another example, then we must 
admit devices as widely separated in operating principle as 
the photo-electric cell and the thermionic valve to the general 
category of electric relay. 

The Gas-discharge Relay or Grid-glow Tube. A static relay 
of a particularly useful type is the grid-glow tube developed 
by the American Westinghouse Co. In appearance it some- 
what resembles the familiar thermionic triode or wireless valve, 
to give it its everyday name. Like the latter, it comprises 
three electrodes — a cathode, an anode, and a grid. But there 
the similarity ends. In the first place, the grid-glow tube is a 
gas-discharge relay and not a vacuum relay. After evacuation 
of the glass envelope forming the body of the tube, a certain 
amount of inert gas, usually neon or argon, is admitted ; so that 

267 
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the grid-glow tube has electro-physical characteristics difiering 
markedly from those of the vacuum tube ; and, in the second 
place, the tube is of the cold-cathode type and thus requires 
no extraneous means of furnishing the requisite electron emis- 
sion. 

In essence, then, the grid-glow tube is a neon lamp provided 
with a control grid. The conditions inside such a tube when a 
potential is applied between anode and cathode are illustrated 
in Fig. 144. When the potential exceeds a certain critical 
value — generally known as the breakdown voltage — a discharge 
occurs between anode and cathode. The breakdown voltage 



Fig. 144. Elements of the Glow Discharge 


is a function only of the electrode spacing and of the gas pres- 
sure, the relation being known as Paschen's Law.'* The" dis- 
charge current attains a value of several milliamperes, whereas 
previous to its incidence the current flow through the tube 
was of the order of microamperes only. And in such a tube 
the discharge takes place as a glow between anode and cathode 
which may be divided into several distinct parts as shown in 
Fig. 144. 

Immediately adjacent to the cathode and completely sur- 
rounding it is a well-defined region of feeble luminosity known 
as the Crookes^ dark space. Almost the entire voltage drop 
across the tube is concentrated in this region, which is trav- 
ersed by the electrons emanating from the cathode. In this 
initial stage of their journey to the anode, the electrons are 
accelerated to very high velocities and reach speeds great 
enough for them to ionize the gas by collision with neutral 
atoms. Next to the dark space near the cathode is a luminous 
* O/. J. J. Thomson : Conduction of Electricity Through Gases, p. 367. 
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region, called the negative glow, where recombination of electrons 
and ions takes place, during which process the energy liberated 
manifests itself as a yellowish-pink light. Following upon this 
negative glow is a further region of very low luminosity and 
known as the Faraday dark space-, and between this and the 
anode there extends, finally, another luminous part of the dis- 
charge referred to as the positive column. 

The chief feature of such a glow discharge is that the first 
three regions are unaffected by any increase in distance between 
anode and cathode. Their relative distribution is determined 
by the pressure and nature of the gas content of the tube. 
The effect of lengthening the discharge path is merely to in- 
crease the length of the positive column, so that the latter 
may be regarded simply as a gaseous conductor forming an 
extension to the anode. If the anode is brought nearer to the 
cathode, thus shortening the discharge path, the positive 
column shrinks until eventually it disappears altogether. It is 
this condition which obtains in the grid-glow tube. 

If a grid is inserted in the discharge path it will not assume 
a potential equal to that of the corresponding point in the dis- 
charge. Due to the larger mass of the ions present in the dis- 
charge path, their velocity is much lower than that of the 
electrons. Consequently the grid will be struck by very many 
more electrons than ions in any given length of time. As the 
result, the potential assumed by the grid is more negative than 
would be that of the same region were the grid removed from 
the discharge path. In the grid-glow tube the grid is so placed 
that electrons reach it in large numbers and at high speeds, 
whilst the relatively sluggish positive ions arrive in small 
numbers and attain comparatively low velocities. 

Now the glow discharge proper, which occurs almost imme- 
diately after the voltage across the tube has reached the critical 
or breakdown value, is preceded by a form of discharge which 
is not self-supporting. To begin with, the discharge path is 
occupied by only a relatively small number of ions and elec- 
trons, which are the products of natural ionization. As the 
tube voltage is raised, the electrons are accelerated, so that 
increasing ionization takes place. The discharge current con- 
sequently increases, and does so with a stable characteristic, 
until it reaches a value known as the threshold current, which 
corresponds to the breakdown voltage of the tube. Beyond 
this point the discharge becomes unstable, and the current 
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increases rapidly whilst the voltage drop across the tube falls. 
In other words, the discharge then becomes self-supporting 
and develops into a complete glow discharge. The threshold 
current is that current necessary for maintaining the critical 
degree of ionization in the discharge path, and amounts to 
a few microamperes only. In the grid-glow tube it is the 

function of the grid to reduce 
the effective ionization by ab- 
sorbing the positive ions in the 
discharge path and repelling 
the electrons emanating from 
Cathode the cathode. In this way the 
grid provides a very sensitive 
means of controlling the thres- 
hold current and therewith the 
establishment of the self-sup- 
porting glow discharge. 

In the grid-glow tubes de- 
veloped by iGiowles in the 
laboratories of the Westing- 
house Electric and Manufac- 
turing Co. (Fig. 145) the gas 
content is neon at a pressure 
corresponding to a few milli- 
metres of mercury column. To 
ensure effective control, the 
spacing between anode and 
grid is made very short com- 
pared to that between anode 
and cathode. The breakdown 
voltage between anode and 
grid is much higher than that 
between grid and cathode, standard values with direct current 
being 1 000 volts and 400 volts respectively. Such tubes in 
conseq[uence lend themselves to methods of grid-bias control as 
shown in Fig. 146. In diagram (a) a potentiometer FR is con- 
nected across the direct-current supply to the tube, the adjust- 
able tapping being connected to the grid through a suitable 
limiting resistance Rq* The tube is protected by further 
current-limiting resistances AR and OR in series with the 
supply. By adjusting the potentiometer tapping so that the 
voltage between Q and G is less than 400, a breakdown in this 



Pin on 
Base 


Cathode 


Anode 


Grid 


'Not Used 


Fig. 145 . Assembly of Typical 
Grid -GLOW Titbb 
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region is prevented, whilst the remaining 600 volts is insufficient 
to break down the discharge path between A and G. On alter- 
ing the tapping so that the voltage between G and C exceeds 
400, a self-supporting discharge takes place in the grid-cathode 



(a) Potentiometer Control. ib) Self- bias Control 


Fig. 146 . Control Circuits for Grid -glow Tubes 

space, and, under the influence of the intense field between G 
and J., it is immediately transferred to the anode, thus com- 
pleting the relay action of the tube. According to Knowles, the 



R, in Megohms 

Fig. 147 . Control Characteristics of Typical Grid -glow 
Tubes 

threshold current may be taken as 2 mA, and the potential drop 
across the glow discharge as 300 volts. The net e.m.f. in the 
grid circuit during the discharge is thus- 100 volts, so that the 
limiting resistance should have a value of 50 megohms. 

An alternative method of controlling a grid-glow tube is 
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illustrated in Fig. 146 (6). As has already been explained, the 
grid assumes a potential more negative than that correspond- 
ing to the point in the discharge where the grid is situated. 
By connecting a high-resistance Rq between grid and anode, 
the negative charge on the grid will tend to leak away and, 
in consequence, the discharge current between cathode and 
grid win increase in order to restore the grid potential to its 
initial value. By reducing the resistance of the grid-leak Rq 
the cathode-grid current can be increased until it reaches a 
value equal to the threshold current, when the discharge 
becomes self-supporting as before. As shown in diagram (6) 
of Fig. 146, a limiting resistance LR is connected in series with 
the tube to limit the discharge current to the value for which 
the tube is designed, and varying in practice from 10 to 50 mA. 
A method of operating such a tube which immediately 
suggests itself is to employ a photo-electric cell as the grid- 
leak. Fig. 147 shows the relation between circuit voltage and 
grid-leak resistance for a t3rpical grid-glow tube (Westinghouse 
t3q)e GS. 18). 

The Hot-cathode Mercury-vapour Rectifier.* Until compara- 
tively recently the technique appropriate to the control of 
large powers by means of static apparatus has been limited to 
two classes of rectifying device, namely, the high-vacuum 
thermionic rectifier and the arc rectifier with mercury cathode. 
In the former type of electric valve the discharge between 
anode and cathode takes place in space that is essentially free 
from gas or vapour, whilst in the latter type the discharge 
occurs in a rarefied vapour atmosphere. Moreover, in the case 
of the thermionic rectifier, the discharge current is carried 
entirely by the electrons emitted from the cathode ; but in the 
case of the arc rectifier, the discharge current manifests itself 
as a high-intensity arc consisting of electrons and positive 
ions streaming in opposite directions. And, as was explained 
in Chapter II, the characteristic difference between these two 
forms of electric discharge is that in the one case currents of 
the order of a few amperes are associated with a pressure drop 
of several thousand volts, whilst in the other case thousands 
of amperes are associated with a pressure drop of only a 
few volts - 

The synthesis of these two types of electric valve has resulted 

* Also known as the Phanotron — the name given by the American General 
Electric Co. 
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in the development of a thermionic rectifier operating in an 
atmosphere of mercury vapour at extremely low pressures. 
This hybrid rectifier — termed hot-cathode mercury-vapour recti- 
fier, but generally known as hot-cathode rectifier simply — made 
its first appearance in practical form in 1928,* although re- 
peated attempts had previously been made to produce a com- 
mercial rectifying device which would combine the simplicity 



Fig. 148. Chahactbristics of Hot-cathode Mercury-vapour 
Eectifiers 


of the thermionic rectifier with the efficiency and current- 
carrying capacity of the mercury-arc rectifier. The chief diffi- 
culty encountered in the development of this new rectffier lay 
in obtaining a reasonable life from the cathode. The vapour 
atmosphere, although it enabled a low voltage-drop between 
anode and cathode to be obtained, consequent upon ionization 
in the discharge path, unfortunately produced disintegration 

* Vide Tvanscictions of the ATnerican Institute of Electrical Engineers^ 1928, 
Vol. 47, p. 755. 
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of the electron-emitting layer* at the surface of the cathode 
due to incessant positiye-ion bombardment. Finally, Hull dis- 
covered that the positive ions carried by the discharge current 
can only cause cathode disintegration if the mean kinetic 
energy they acquire in traversing the electric field between 



Fig. 149. 75/75-A, 110-V Hot-cathode Rectifier Unit 
Lancashire Dynamo & Crypto Co. 


anode and cathode exceeds a definite minimum value. This 
value of kinetic energy corresponds to a certain critical volt- 
age between anode and cathode, which Hull has termed the 
disintegration voltage. For a given cathode design and gas or 
vapour pressure, this voltage depends only upon the nature of 
the gas or vapour introduced into the discharge space. For 

* The early cathodes consisted of “thoriated” tungsten filaments whose 
electron emission arises mainly from a layer of thorium, one atom thick, on 
the surface of the txmgsten. Subsequently the Wehnelt type of cathode was 
developed in which a nickel filament is covered with a coating of barium or 
caesium oxide. It would appear, however, that the electron emission is due 
not to the oxide but to a monatomic film of the alkaline earth metal bound to 
the nickel surface. 
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mercury vapour the disintegration voltage is 22 volts, whilst 
the ionization potential is only 10*4 volts. It is therefore pos- 
sible, by introducing the correct quantity of mercury into the 
rectifier bulb, to obtain a voltage drop between anode and 
cathode which is considerably below the disintegration volt- 
age. At any rate, the important point to be noted is that, to 
quote Hull, there exists a voltage below which positive ions 
cause no cathode disintegration” and that ''this voltage is 
sufficiently above the ionization potential so as to provide 
between them a practical operating range.” 

In commercial hot-cathode rectifiers the internal potential 
drop amounts to 12 or 15 volts (Fig. 148), so that such rectifiers 
are more efficient than the mercury-arc type at low direct- 
current pressures. For example, at 100 volts a hot-cathode 
rectifier shows an efficiency of 88 per cent, whilst a mercury- 
arc rectifier has an efficiency of only just over 80 per cent. 
For this reason hot-cathode rectifier equipments are widely 
used for battery charging and for supplying low-voltage direct 
current to the projection arcs in cinema theatres. Fig. 149 
illustrates a 75/75-A, 110-V twin rectifier unit as manufactured 
by the Lancashire Dynamo and Crypto Co. for supplying 
a pair of cinema projector arcs. Fig. 150 on the following 
page illustrates a six-circuit electric vehicle battery charger 
of the hot-cathode rectifier type manufactured by Messrs. 
Philips Industrial Ltd. The operating characteristics of a 
10-A, 220-230- V Philips equipment are shown graphically in 
Pig. 151. 

The Grid-controlled Mercury-vapour Valve,**' Inasmuch as 
the hot-cathode mercury-vapour rectifier is the outcome of 
the synthesis of the thermionic and mercury-arc types of 
rectifier, so also is the grid-controlled mercury-vapour valve a 
hybrid — ^being, in fact, the three-electrode counterpart of its 
prototype. A more correct title for this comparative new- 
comer to the field of applied electronics w^ould perhaps have 
been "mercury-vapour triode” by analogy with the vacuum 
triode; although the cognomen "thyratron” appears to have 
received considerable support on this side of the Atlantic 
as well. 

The operating features of the grid-controlled mercury-vapour 
valve, then, are those which one would expect of a hot-cathode 

* Generally referred to as the Thyratron (from the Greek dvpoL, meaning 
a door ) — ^the name adopted by the American General Electric Co, 
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rectifier provided with a control grid. As was explained in the 
previous section, the hot-cathode rectifier behaves in a manner 
akin to the mercury-arc rectifier; so that the grid-controlled 
mercTxry-vapour valve exhibits control characteristics that are 
comparable with those obtaining in the case of the grid-con- 
trolled mercury-arc rectifier. The only real difference between 



Fig. 151. Operating Characteristics of 2-k:W Hot-cathode 
Rectifier Unit 
Philips Industrial Ltd,. 

these two types of controlled arc-discharge device hes in the 
relation between the anode voltage and the critical grid poten- 
tial. As may be seen from curves 1, 2, and 3 of Fig. 66, the 
critical grid potential of the mercnry-arc type is sensibly 
independent of the anode voltage. On the other hand, curves 
4, 5 and 6 indicate that, in the case of the hot-cathode type, 
the critical grid potential decreases with increasing anode volt- 
age, i.e. the greater the value of the anode potential, the more 
negative will be the critical potential applied to the grid which 
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will just prevent the arc discharge from establishing itself. 
From a practical point of view, however, this distinction is of 
little importance. 

Up to the present, grid-controlled mercury-vapour valves 
have appeared only in the glass-bulb form, typical small valves 
of this type being illustrated in Fig. 152 and Fig. 153. On the 
Continent these valves have reached a fairly high stage of 



Fig. 152. B.T.-H. 
Thyratbon Type B.T.7 


Fig. 153. B.T.-H. 
Thybatbon Type B.T. 


British Thomson-Houston Co. 


development, as may be seen from Fig. 154. The little tube 
on the left is capable of handling half an ampere at 5 000 volts 
(peak). The one in the centre is rated at 200 A, whilst that 
on the right is designed to carry 1 000 A during the permeable 
half-cycle. The permissible peak inverse voltage for these 
latter is stated to be 15 000 volts. No experience has as yet 
been gained with a steel-tank type of construction for these 
valves, although large thermionic transmitting valves of the 
all-metal type have been in use for many years in high-powered 
wireless stations. A design of steel-tank hot-cathode mercury- 
vapour rectifier has actually been put forward in Germany,* 

* Vide ElektrotechniscJie Zeitschrift, 19^2, Vol. 53, p. 780, Fig. 29. 
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and the special cathode construction employed is such that 
the sponsors of this latest development claim current ratings 
of 10 000 A as possible. At the same time it seems doubtfol 



Fig. 154. Some Examples op A.E.G. Thybateoxs 
A.E.G. Electric Co. 


whether a reasonable cathode life can be expected under such 
conditions.* 

The methods of grid-control applied to the mercury-arc 
rectifier are, of course, eq[ually applicable to the hot-cathode 

* In the case of the glass-bulb type the useful life of such valves averages 
6 000 hours, as compared with 15 000 hours for glass-bulb mercury-arc 
rectifiers. 
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rectifier. By far tlie most widely used arrangement is that 
depicted in Fig. 155. Here phase-shift control of a sinusoidal 
grid voltage is obtained by means of a capacitance G in series 
with a resistance B, either or both of which may be variable. 
A.S will be seen from the vector diagram, the ignition angle is 



MERCnitY- VAPOUR Valve (Thybatron) 

adjustable between 0° and 180®; whilst the grid voltage JEq 
is equal to half the secondary voltage E of the grid-excitation 
transformer. 

A practical example illustrating the application of bias-shift 



Fig. 156. Thybateon Voltage Regulator for 15-icW Alternator 
American General Electric Co. 


control to regulate the output voltage from a pair of grid- 
controlled mercury-vapour valves is the system of automatic 
voltage regulation developed by the American General Electric 
Co. for small alternators, and shown in Fig. 156. The voltage- 
sensitive element controlling the grid potentials is an alter- 
nating current bridge of dissimilar resistances, of which one 
diagonal pair ER may be wire resistances, having a linear 
voltage/current characteristic, but the other pair R'R' are 
non-ohmic resistances, for which the relation between voltage 
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and current is not linear.^ Since the resistances follow different 
laws, it is clear that the bridge will be balanced for only one 
value of the alternator voltage. When this condition obtains, 
the grids of the valves are at zero potential and each valve is 
made conducting for about half of the permeable half-cycle. 
At other values of the alternator voltage the bridge is un- 
balanced and a voltage is applied to the grids through the 
transformer T^. This transformer is connected in such a sense 
that a rise in alternator volts makes the grids negative during 
their respective permeable half-cycles, thus preventing the 
valves from passing current and so decreasing the alternator 
field current. Conversely, a fall in alternator volts makes the 
grids positive, thereby rendering the valves operative during 
the major part of their respective permeable half-cycles, and 
thus causing them to supply more current to the alternator 
field than that normally supplied by the exciter through the 
resistance P. The entire absence of mechanical inertia makes 
this system of voltage control remarkably free from hunting 
or overshooting of the voltage due to sudden changes in load. 

Fig. 157 illustrates a method of mamtaining constant tem- 
perature by means of a grid-controlled mercury- vapour valve. 
(As in the case of Fig. 156, the auxiliary heating circuit for the 
cathode has been omitted for the sake of simplicity.) In this 
arrangement, also employed by the American General Electric 
Co., the temperature-sensitive element is an alternating-cur- 
rent bridge comprising two pairs of like resistances BE and 
jB'jR'. One resistance? of one pair is of the pyrometer type and 
is located inside the furnace whose temperature it is desired 
to control. The heating winding H is connected to the power 
supply through a contactor O, the solenoid of which is ener- 
gized by the valve current. Normal temperature corresponds 
to a balance of the bridge. A rise in temperature unbalances 
the bridge in such a way that the grid voltage is negative 
during the permeable half cycle, thus rendering the valve non- 
conducting and causing the contactor to open. Similarly, a 
fall in temperature holds the contactor closed. In this way it 
is possible to maintain the temperature of a large furnace con- 
stant within ten degrees at 800° C. An alternative method of 

JEJ.g. contact resistanc*es, such as the “Rectox” metal rectifier; crystal 
detectors of various kinds ; or resistances consisting of a conducting material 
dispersed in an insulating matrix, whose current may vary as the cube or 
even higher power of the voltage. 

10— (T.6) 
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temperature control consists in supplying the heating winding 
directly from the valve, and continuously varying the value 
of the heating current by means of phase-shift control. 

From the foregoing examples it will be appreciated that the 
grid-controlled mercury-vapour valve has opened up an en- 
tirely new line of approach to the many and varied problems 
associated with the control of electric power. In the solution 
which it affords to such problems it has the additional advan- 
tages of instant response to the controlling force ; high overall 



Fig. 157- Thyratron Regulator eor Controlling the 
Temperature oe a Resistance Furnace 

American General Electric Co. 


efficiency, ranging from 95 to over 99 per cent ; silence in opera- 
tion and freedom from vibration ; and, most important of all, 
great sensitivity combined with the utmost flexibility. 

The Ionic Amplifier,* When considering the controlling 
function of a grid located in the path of an arc discharge, it was 
seenf that imder certain conditions of field distribution the 
grid is able to regain control, when at a negative potential, 
without its being necessary to remove the driving e.m.f. of the 
discharge, i.e. the potential existing between anode and cath- 
ode. In other words, it is possible, by the choice of appropriate 
conditions of vapour pressure and electrode spacing, to create 
a situation in which the reimposition of a negative potential 
upon the control grid leads to a reduction of the discharge 
current, if not to the actual extinction of the arc. 

Such a state of affairs obtains in the ionic amplifier developed 
by Liibcke and Schottky,J whose operation is analogous to 

* Manufactured by Messrs. Siemens & Halske A.G. under the name of 
vvandsiromverstdrher, 

t Vide Chapter VIII, pp. 164 et seq. 

+ Wissensch/zfiliche Verdffentlichungen am dem Siemens-Konzern, 1930 
Vol. 9, pp. 390 et seq. ’ 
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that of the ordinary wireless valve. It is an arc-discharge 
device like the grid-controlled mercury-vapour valve. But, 
unlike the latter, the control exercised by the grid is both 
continuous and reversible — as in the case of the vacuum valve. 
The reason why the discharge current is a continuous function 


Grid 

Wires 


Anode 


Grid 

Wires 


Anode 



Fig 158 Positive-ion Distbibution in the Vicinity 
OF THE Grid 

(a) Grid bias strongly negative (6) Grid bias slightly negative 


of the grid potential, so that the “mutual” characteristic of 
the valve can be traversed in either direction both m the 
positive and negative regions of grid voltage, becomes apparen 
on investigating the field distribution m the imme^ate vicmity 
of the grid. In the ionic amplifier the ^id is of the wire-mesh 
type and is very close to the anode, as sho^ diagrammaticahy 
in Fig. 158, whilst the spacing of the grid wires is also very 






274 MEBGUBY^ARG GURBENT G0NVEBT0B8 

close. Let us assume that an arc has been established, so that 
the grid is immersed in the discharge, which contains approx- 
imately equal numbers of ions and electrons per unit volume 
(about 10^® per cubic centimetre). If now a strong negative 
potential be applied to the grid, the electrons travelling to- 
wards the anode will be repelled by the grid. On the other 
hand, the positive ions wandering towards the cathode are 
attracted by the grid, and give up their charge to it upon 
reaching its surface. The process is manifested by the flow ol 
a positive grid current which, however, attains only a fraction 
of a milliampere per square centimetre of grid surface, due to 
the repelling influence of the dense cloud of positive ions which 
immediately forms around the grid wires. 

The thickness of this positive space-charge is about 600 
times less than that of the corresponding negative space-charge 
in a vacuum valve, assuming the discharge current to be the 
same in both cases. The mercury-vapour pressure and the 
design of the grid are so chosen that the positive space-charges 
surrounding individual grid wires are contiguous, as may be 
seen from the disposition of the equipotential lines in diagram 
{a) of Fig. 158. The lower part of the diagram indicates two 
sections through the electric field; firstly, along a line drawn 
through the grid wire (continuous line) and, secondly, along a 
line drawn through a point midway between two adjacent 
grid wires (dotted line). It is seen that the resultant potential 
in the interstices of the grid is negative, so that electrons 
leaving the cathode cannot penetrate the grid. Only those 
electrons present in the space between grid and anode can 
reach the latter and give up their charge. Thereafter this space 
becomes devoid of electrons, with the result that the anode 
current falls to zero. The valve is non-conducting. 

On reducing the negative grid-potential, the thickness of 
the positive space-charge surrounding each grid wire diminishes 
correspondingly until the condition illustrated by diagram (b) 
of Fig. 158 is reached. The several positive space-charges are 
no longer contiguous and consequently the resultant potential 
in the interstices of the grid rises to a positive value, as indi- 
cated by the dotted potential line in the lower part of the 
diagram. The electrons leaving the cathode are now able to 
penetrate the grid and to reach the anode, and, in so doing, 
can carry a considerable current. In this way, altering the 
thickness of the positive space-charge around each grid wire 
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by varying the grid potential causes a continuons variation in 
the number of electrons reaching the anode, that is, of the 
discharge current. 

The point to be noted is that, in the case of the ionic ampli- 
fier, the anode-grid spacing is made small enough to prevent 
ionization of the vapour molecules in that space due to impact 
of the electrons penetrating the grid. In the 
grid-controlled mercury-vapour valve {thyra- 
tron), on the other hand, the distance 
between grid and anode is much greater, 
so that the mercury vapour in the anode- 
grid space suffers ionization by collision of 
electrons with neutral vapour molecules, in 
consequence of which the discharge becomes 
self-supporting and can no longer be influ- 
enced by the grid. These considerations lead 
to a design of valve depicted in Kg. 159. 

The production of the necessary electrons 
and positive ions is provided by an arc 
maintained between the mercury cathode K 
and the excitation anode EA. The anode A 
and control grid G are located on the peri- 
phery of this arc, the distance between them 
being only a few millimetres. To ensure 
that even this narrow anode-grid space is 
completely shielded from the electrons 
emitted from the cathode, except in the 
direction at right angles to the grid surface, 
two glass tubes and Tg 9 »re provided as 159. Cross- 

shown. The whole is supported from, and 
surrounded by a metal envelope E, whilst a siemens Eauhe a.g. 
cooling coil GG is provided to regulate the 
vapour-pressure to the correct operating value. The char- 
acteristic feature of such an amplifying valve is its high 
mutual conductance combined with low internal impedance. 
The former attains as much as 500 mA per volt, whilst the 
latter amounts to only 50 ohms in the case of the valves 
developed by Liibcke, which are rated to carry 5 A at 220 volts. 

The Screened-grid Controlled Rectifier. In discussing the 
operation of vapour-arc discharge devices, such as the mercury- 
arc rectifier or the hot-cathode rectifier, it has been assumed 
until very recently that a grid located in the discharge path 


EA 
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can exercise one controlling function only, viz. the initiation 
of the arc discharge; and that, once established, such a dis- 
charge can be extinguished only by an alteration of the elec- 
trical conditions which render it self-supporting. All practical 
applications of grid-controlled arc-discharge devices, therefore, 
have relied hitherto upon natural means, e.g. reversal of the 
electrode polarity, to provide the requisite extinction of the 
current arc. There can be no doubt that the inability of the 
control grid to perform this essential function has in many 
ways been an impediment to the technical fulfilment of cer- 
tain current-convertor applications, and to the commercial 
development of others. For example, it has not been found 
possible to invert direct to alternating current unless either 
electromotive forces of fixed frequency or special commu- 
tating condensers be provided on the alternating-current side 
of the apparatus, to ensure that the anode voltages periodically 
pass through zero. Again, voltage control of the mercury-arc 
rectifier by means of grid excitation has laboured under the 
disadvantage of a deterioration of the power factor propor- 
tional to the reduction in output voltage. 

These fundamental drawbacks to grid control as hitherto 
applied can be overcome at once if means are available for 
interrupting the anode current by direct arc control at the 
appropriate moment. And it must be regarded as a triumph 
of electro-physical science that it has at last been found pos- 
sible to extinguish a current arc through the medium of a 
control grid situated in the discharge path. 

In a paper read before the Swiss Association of Electrical 
Engineers early in 1933,* Kobel has demonstrated beyond 
doubt the fact that both continuous as well as alternating- 
current ares can, under certain circumstances, be extinguished 
with certainty by grid control. As is to be expected, the condi- 
tions under which this is possible are similar to those obtaining 
in the ionic amplifiers developed by Lubcke and discussed in 
the preceding section. Kobel also employed a close-mesh grid 
immediately adjacent to the anode, but he has obtained com- 
pletely different operating characteristics which make this new 
development of far-reaching importance. It has been explained 
in the case of the ionic amplifier that the anode current 

* E. Kobel : “ The Intemiption of an Anode Current by means of a Grid 
as applied to the Mercury- Arc Rectifier or Invertor,” Bulletin des Schwei- 
zerisclier Elektrotechnische Vereim, I93S. Vol. 24. pp. 41-48. 
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is carried entirely by electrons, as ionization of the vapour 
in the anode-grid space is completely prevented.* As the 
result the internal resistance is high, so that the voltage drop 
across the valve is considerable. In the case of a 5-A valve 
having a resistance of 50 ohms, the voltage drop will amount 
to 250 volts at full load. This is a serious disadvantage to be 
reckoned with in considering the practical applications of such 
a device. 

According to the Langmuir-Schottky space-charge law, the 
current density in an electron stream is given hy i — k . 
where h is a constant (2*33 X 10 - ® for a pure electron current) 
and V is the voltage drop between two electrodes spaced d 
centimetres apart. Assuming a permissible drop of 20 volts 
between anode and grid of an ionic amplifier in which the 
anode-grid spacing reached 5 mm., this would give a valve 
current of only 0-25 A with an anode surface-area of 300 sq. cm. 
To obtain a current density of 3 A per sq. cm., as is usual in 
mercury-arc rectifiers, the anode-grid spacing would have to 
be less than one-tenth of a millimetre, which it is, of course, 
quite impossible in practice to obtain. Otherwise, with a 
separation between grid and anode of 5 mm., the voltage drop 
would reach close on 5 000 volts. As Kobel has pointed out, 
it is essential to the attainment of a reasonable anode-grid 
spacing, together with a sufficiently high current density, for 
positive ions to be present in order to neutralize the negative 
space-charge between anode and grid. 

In spite of the fact that in the ionic amplifier no ionization 
by collision can take place in this region, positive ions tend 
to accumulate there as the result of gradual diffusion out of 
the cathode-grid space ; and it is entirely due to the presence 
of these positive ions that the resistance of the anode-grid 
path attained a value not of some 7 000 ohms, as given by 
the above space-charge law, but only of 120 ohms in the par- 
ticular case investigated by Kobel.f To reduce this resistance 
to a fraction of an ohm — a figure comparable to that obtaining 
in the case of the self-supported arc discharge — ^it becomes 
necessary to increase the vapour pressure. Only by thus 

* It should be mentioned here that due to the use of a mercury cathode 
and “cathode-spot** electron emission the quantity of electrons reaching the 
anode in a given time is very much greater than in the case of the vacuum 
valve, which can only rely upon thermionic emission. The ionic amplifier 
can consequently handle much heavier currents than the electronic amplifier. 

t Loc. cit,. p. 44. 
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diminishing the mean free path of the electrons is it possible 
fco provide the requisite degree of ionization. The effect of 
\raponr pressure on the processes of ignition and extinction of 
a direct-current arc by means of an alternating grid voltage 
is shown by the oscillograms of Fig. 160. Oscillogram (a) refers 



Fig. 160. Intehruption of a Continuous Anode Current by 
Means of an Alternating Grid Voltage 


to a vapour pressure of 2 microns, and it is seen that the 
critical grid potential was as high as 115 volts. On the other 
hand, the negative potential required to produce extinction 
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Fig. 161. Arrangement of Anode with Control Grid 
AND Screening Grid 


of the arc amounts to only a few volts. In the case of oscillo- 
gram (6), relating to a vapour pressure of 10 microns, it is 
evident that the arc is established immediately the grid be- 
comes positive, whilst a negative potential of from 60 to 85 
volts is necessary to extinguish the arc. 

As the result of further investigation of the conditions 
governing extinction of the arc, Kobel has developed what 
may be termed a screened-grid controlled rectifier ^ by analogy 
with the screened-grid valve employed in wireless technique. 
The arrangement of the anode-grid structure is shown dia- 
grammatically in Fig. 161. The screening grid is connected to 




Fig. 162. Intebetjption of ajt Alternating Anode Current by 
Means of Screen-grid Control 



Fig. 163. Control Circuits for Invertor Unit with Screen- 
grid Control 
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Fig. 164. Self-determined Invertor Operation by Means 
Screen-grid Control 
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the anode through a current-limiting resistance Bq, and its 
potential consequently follows that of the anode. The con- 
trol grid proper is placed between the screening grid and the 
anode, close to the latter. The function of the screening grid 
is two-fold. In the first place it provides the ionization neces- 
sary for the initiation of the arc discharge, since it attracts the 
electron stream which then penetrates to the inter-grid space ; 
and, secondly, it acts as a discharge path for the excess volt- 
age generated in the instant of arc extinction. 

Fig. 162 illustrates the extinguishing of a single-phase alter- 
nating-current arc in a steel-tank rectifier of the screened-grid 
controlled type. The screen-grid current flowing during the 
beginning and the end of the permeable half-cycle is visible 
in the oscillograms as the gradual rise and falling-away of the 
anode-current wave, which would otherwise rise suddenly to 
its peak value on ignition and fall equally rapidly to zero 
value on extinction of the current arc. 

Finally, Fig. 163 illustrates the circuit employed by Kobel* 
to obtain inversion of direct current to three-phase alternating 
current by means of the same rectifier. The output trans- 
former was loaded by resistance only. The grid-excitation unit 
comprised a positive impulse distributor and a negative im- 
pulse distributor driven by a 50-cyele synchronous motor. 
The timing was adjusted so that the current-conducting period 
was one-third of a cycle. The resulting output current and 
voltage wave-forms are given in Fig. 164. Such a method of 
self-determined inversion can only be described as revolution- 
ary, and its possibihties in connection with the transmission 
of power by means of high-tension direct current are evident. 
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CHAPTER XIV 

THE GENERATION OF HARMONICS BY THE 
MERCURY-ARC RECTIFIER 

The merctixy-arc rectifier is, in the last analysis, a switching 
apparatus or commutating device, pure and simple, and its 
loading of the alternating-current supply system is therefore 
discontinuous. In this respect it differs fundamentally from 
other forms of electrical load, such as the transformer or induc- 
tion motor, or rotating convertmg plant, all of which draw an 
even and unbroken flow of power from the source of supply. 
As the result of the discontinuity in the loading of the alter- 
nating-current network, the current supplied to the rectifier 
is no longer sinusoidal. 

The general forms and instantaneous values of the line 
currents in the case of different types of rectifier circuit have 
been dealt with in Chapters IV, V and VI, where it was shown 
how the currents on the input side of a rectifier obey certain 
laws which depend on the nature of the rectifier load. All such 
currents, however, conform to the general rule whereby their 
wave-form must be such that when “strung together” their 
net effect over a whole cycle of alternating voltage is the same 
as would be produced by a continuous current. The resulting 
discontinuities in wave-form cause the primary phase currents 
and line currents to become distorted from the sinusoidal form. 
The resulting wave-form may be looked upon as equivalent 
to a fundamental sine wave upon which is superimposed a 
number of harmonics of varying order, magnitude and phase 
relationship. 

At the same time the output voltage of a mercury-arc 
rectifier is also discontinuous, the degree of distortion from 
the rectilinear form again depending upon the nature of the 
rectifier load. In this case also the wave-form of the actual 
voltage on the direct-current side may be represented as a 
continuous voltage of constant magnitude upon which is super- 
imposed a variety of harmonic alternating voltages. 

Harmonics in the Direct-cnrrent Supply. As was explained 
in Chapter III, in connection with Eig. 9, the output voltage 
of a rectifier oscfllates about a mean value V a. The amplitude 

2R1 
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of the oscillations depends on the amount of reactance in the 
rectifier circuit, the bulk of which is naturally located in the 
transformer. The frequency of the oscillations is determined 
by the periodicity of the alternating-current supply and by 
the number of rectifier phases. Analysis of the output voltage 
wave shows it to consist, as mentioned above, of alternating- 
current harmonics superimposed on a constant direct-current 
pressure. Eeferring to Fig. 9, the rectified voltage may be 
represented by the Fourier series 

F{d) = Ao-{- A]_ cos pd -h A^ cos 2p6 -f Ag cos Zpd 
-j- . . . cos mp6 + . . . + Ej sin 
+ Eg sin 2pd Eg sin Spd + • • • sin mpd 

The constant term, Ag, here represents the mean output 
voltage Ftf. The series may be evaluated in the usual way by 

A„ = - I F{d) cos nd dd 
and E„ = ^ /'f( 0) sin n9 dd 

—izlv 


Here n = where m is an integer, and F{d) = E^/2 , cos 0, 
so that 
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The coefficient thus gives the amplitude of the ham 
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of frequency n = mp. 
therefore 


E 


n 



The r.m.s. value of the harmonic is 


(26) 


Under certain circumstances these harmonies, which are 
always present on the direct-current side of a rectifier to a 
greater or lesser degree, may give rise to interference with 
communication circuits. And investigations have from time 
to time been carried out to ascertain the extent of such inter- 
ference and to determine means for its elimination.* It is 
therefore important to note how the occurrence of harmonics 
in the rectified voltage is affected by the number of rectifier 
phases. Table III gives the r.m.s. values of the several har- 
monics at no load, expressed as percentages of the mean out- 
put voltage F^. 

TABLE III 


Frequency of the Harmonic 

Number of Rectifier Phases 


3 

6 

12 

2/ = 100 cycles . . . . 

47-13 




3jf = 150 cycles .... 

— 

17-7 

— 

— 

4/ — 200 cycles . 

9-44 

— 

— 

— 

6/ = 300 cycles .... 

4-05 

4-05 

4*05 

— 

8/ = 400 cycles .... 

2-25 

— 

— 

— 

9jf = 450 cycles .... 

— 

1-77 

— 

— 

10/ = 500 cycles .... 

1-43 

— 

— 

— 

12/ = 600 cycles ... 

0-99 

0-99 

0-99 

0-99 

14/ = 700 cycles .... 

0-73 

— 

— 

— 

15/ = 750 cycles .... 

— 

0-63 

— 

— 

16/ = 800 cycles .... 

0*56 

— 

— 

— 

18/= 900 cycles . 

0-44 

0*44 

0*44 

— 

20/ = 1 000 cycles .... 

0-36 

— 

— 

— 

21/ = 1 050 cycles .... 


0-32 

— 

— 

22/ = 1 100 cycles .... 

0-29 

— 

— . 

— 

24/ = 1 200 cycles .... 

0*25 i 

0-25 

0-25 

0*25 


In the first place it is seen that the output voltage ripple 
contains only harmonics having frequencies which are multiples 
of both the supply frequency and the number of rectifier 

* Vide “Experiences with. Besonant Circuits for the Eliimnatiori of Har- 
monics in Rectifier Installations,” V.D.E, Fachberichte, 1928, p. 86 ; also E.R.A. 
Report M/T.13: “Interference from Mercury-Are Rectifiers and the Effect 
of Filter Circuits,” published in 1932. 
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phases. Thus if / denotes the periodicity of the alternating- 
current supply and p the number of rectifier phases, then 
the frequency of any harmonic is given by mpf, where m is 
an integer. Secondly, it is to be noted that the individual 
harmonics have certain definite values which are quite 
independent of the rectifier phase number — a fact which is 
explained by equation (26). 

The corresponding harmonics in the output current depend 
on the nature of the direct-current load. In the case of a pure 
resistance load, the current harmonics are directly propor- 
tional to, and in phase with, their corresponding voltage har- 
monics. Any inductance in the load circuit on the one hand 
reduces the magnitude of any current harmonic and, on the 
other, gives rise to a displacement in phase with respect to 
the generating voltage harmonic. Both influences depend upon 
the ratio of resistance to reactance of the load circuit for the 
particular frequency concerned.* Perfect smoothing of the 
direct-current output is therefore only to be obtained with an 
infinitely large cathode choke. 

Harmonics in the Alternating-current Supply. The rapidly 
increasing use of rectifiers in their normal form and the many 
new fields of application opened up by grid control render 
imperative a general inquiry not only into the nature of the 
harmonics drawn from the supply, but also into the effect on 
their magnitude and phase relationships of different trans- 
former connections and of the number of rectifier phases. 

When investigating the generation of alternating-current 
harmonics by the mercury-arc rectifier we may legitimately 
assume the supply voltage to be sinusoidal. If, in addition, we 
neglect the magnetizing current of the transformer as well as 
the effect of magnetic leakage, the problem reduces to a com- 
paratively simple form. In dealing with this problem, how- 
ever, it must be borne in mind that only the fundamental com- 
ponent of the alternating-current wave can, together with the 
sinusoidal e.m.f., carry active power. The harmonics in the 
line current therefore are of little influence on the efficiency 
of the rectifier unit, but produce an increase in the r.m.s. value 

* It is beyond the scope of the present work to deal with the many condi- 
tions affecting the relation between the current and voltage harmonics on 
the output side of the rectifier. The problem is treated in all its aspects by 
O. K. Marti and H. Wino^ad in Chapter V of their book: Mercury-Arc 
Power Rectifiers (McGraw-Hill Book Co., 1930), to which reference should be 
made by those desiring detailed information on the subject. 
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of the ctirrent, resulting in additional losses which are mani- 
fested by a deterioration of the power factor. The degree of 
deterioration is conveniently expressed by a distortion factor, 
the significance of which will be discussed in a later section. 



Fig. 165. Line Current of Three-phase Rectifier 
Transformer Connection — Group I 
I = 0- 686/^^35 
Ij == 0*576I^^ju 

I.E.E. Journal 

The deviation from the sinusoidal of the line current wave- 
form depends largely on the transformer connection employed. 



Fig. 166. Line Current of Three-phase Rectifier 
Transformer Connection — Group II 
I = O-594/^^a: 

I.E.E. Journal 

In the case of a three-phase rectifier supplying a non-inductive 
load, there are two forms of current wave (Figs. 165 and 166) 
corresponding to the following two groups of transformer 
connection — 

Group I: Star/star; delta/interconneeted-star. 

Group II : Delta/star ; star/interconnected-star. 
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Analysis of these two wave-forms shows the absence of triplen* 
harmonics and the presence of all other harmonics. Turther- 
more, the magnitudes of the various harmonics expressed as 
percentages of the fundamental are the same for both wave- 
forms. The latter differ only in the phase relationships of the 
harmonics to the fundamental, as may be seen by reference to 
Pigs. 165 and 166. 

The conditions are similar in the case of six-phase operation 
of the rectifier, in that here also the line current can have two 
different wave-forms. With six-phase rectifiers one has to 
distinguish between two fundamental t37pes of transformer 
connectionf — 

[а) Six-phase connections without phase equalizing where 
the rectifier current is carried by one anode at a time, so that 
each secondary phase of the transformer in turn is loaded by 
the total direct current during one-sixth of the voltage cycle. 

(б) Six-phase connections with phase equalizing where, by 
auxiliary means (e.g. interphase transformer, absorption 
reactance coil, or magnetic shunt), the rectifier current is 
delivered by two anodes simultaneously, so that each secondary 
phase of the transformer in turn is loaded by half the total 
direct current during one-third of the voltage cycle. 

Taking this distinction into account we obtain the following 
two groups of connections corresponding to the wave-forms 
of line current shown in Pigs. 167 and 168 — 

Group I : Delta/fork, without phase equalizing. 

Delta/star, with phase equalizing. 

Star/fork, with phase equalizing. J 

Group II : Delta/star, without phase equalizing. 

Star/fork, without phase equalizing. 

Star/star, with phase equalizing. 

Delta/fork, with phase equalizing. 

* The term “triplen” denotes frequencies which are multiples of 3. 

t Vide Chapter V. 

X Star/star connection of the transformer without phase equalizing, 
although strictly speaking belonging to Group I, has not been included as it 
leaves a residual m.m.f. of triplen frequency which is in phase on all three 
legs of the transformer core and which thus produces a triplen harmonic 
leakage flux. Beyond a certain load this leakage flux is sufficiently strong to 
induce phase -equalizing between pairs of anodes, when the connection func- 
tions as if belonging to Group II. In practice this connection is only employed 
with transformers in which the core is so arranged (e.g. shell type, 5-leg 
core type, or triple single-phase type of construction) that the leakage flux 
results in phase-equalizing at a very light load. 
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The analysis of the line current wave-forms of Figs. 167 and 
168 indicates the absence of all even harmonics in addition to 
the triplen harmonics absent in Figs. 165 and 166. At first 
sight it would appear that the curve of Fig. 167 approaches 



Fig. 167. Line Cxtre-ent oe Six-phase Rectifier 
Transformer Connection — Group I 
I = 0*676/^^^ 

I.E.E. Journal 


more closely to the sine wave-form than that of Fig. 168. On 
investigation it will be found, however, that both curves con- 
tain the same harmonics. The difference in wave-form is 



Fig. 168. Line Okbent of Six-phase Reotifiek 
Tbansfobmbe Connection — Gbovp H 
I = 0-778I„^,, 

I.E.E. Journal 

accounted for by the fact that the corresponding harmonics 
in the two curves are of opposite sign. 

As is to be expected, analysis of the line current wave-form 
of twelve-phase rectifiers shows the absence of aU even har- 
monics as well as those of triplen frequency. The residual cur- 
rent harmonics are of relatively smaU magnitude and hence 
the line current is practically sinusoidal. This feature, together 
with the smaU degree of ripple in the output voltage (c/. Table 
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III) renders the twelve-phase rectifier superior to the six-phase 
rectifier. It is for these reasons that attention is being paid 
more and more to the use of rectifier circuits having twelve- 
phase character, particularly so because such arrangements 
are at once cheaper and more ejS&cient than the equivalent 
six-phase circuit in combination with smoothing equipment 
on the direct-current side. And where the cumulative effect 
of the harmonics taken by the rectifier from the alternating- 
current supply is likely to make itself felt, for example in the 



Group I Group IC 


Fig. 169 . Rectifxeh Lhstb Cubbents with Pbbfect Smoothtn-g 

OF THE BiBBCT CiTBBENT 
(o) and (c) three phases — (6) and (d) six phases — 


(0)[ 

I = 0-7071^^^ 
q — 0-585/,^^a; 

0-675/^^^ 

(0)^ 

I = 0-816/.^^j 33 
= 0'675/„^^a, 



I.E.E. Journal 


case of an extensive direct-current traction system fed solely 
fi:om recti&er substations, it is clear that serious consideration 
must be given to twelve-pbase working, in spite of the fact 
that the question of ripple in the output voltage may not be 
of such great importance. 

The Influence of Direct-current Smoothing Equipment. When 
iavestigatiag the effect which smoothing equipment on the 
direct-current side of the rectifier has upon the harmonics in 
the line current, it is convenient to consider the limiting case 
of the i n fi ni tely large cathode choke. In this case the primary 
currents are no longer composed of portions of sine waves, but 
are made up of individual rectangles as depicted in Fig. 169 . 
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It is to be noted that both frequency and phase relationship 
of the alternating-current harmonics are unaffected by the 
smoothing reactor. The presence of inductance in the load 
circuit of the rectifier only affects the magnitude of the har- 
monics. Since the inductance is assumed infinite, the ampli- 
tudes of the individual harmonics are inversely proportional 
to their frequency. This relation considerably simplifies the 
investigation, as we can write 



where I^ and are the r.m.s. values of the fundamental and 
nth. harmonic respectively. Table IV illustrates the effect of 
perfect smoothing of the direct current on the harmonics in 
the line current, the values of the individual harmonics being 
expressed as a percentage of the fundamental. In addition, 
the corresponding r.m.s. value of the total line current I is 
given at the head of each column. 

Table IV indicates certain analogies with Table III as far as 
the infiuence of the number of rectifier phases is concerned. 
A particular harmonic on the direct-current side corresponds 
to two particular harmonics, the next lower and the next 
higher, on the alternating-current side. The twelfth harmonic 
in the direct current, for example, is always associated with 
the eleventh and thirteenth harmonics in the line current. 
The analogy becomes more evident when considering the 
parallel connection of rectifiers. 

Parallel Connection of Rectifier Units. When operating recti- 
fier units in parallel it is of importance to know the behaviour 
of harmonics in the direct-current system on the one hand, 
and in the alternating-current supply on the other. The rela- 
tionship between these harmonics has just been indicated, and 
a practical illustration of the way in which their interdepend- 
ence can be used to advantage should be noted. We shall con- 
sider two six-phase rectifier units, of equal output, operating in 
parallel on the direct-current side and taking power from a 
common alternating-current supply. 

For the case in which the six-phase connections of the two 
units belong to the same group the harmonics generated by 
both rectifiers are individually in phase on the toect-current 
side as well as on the alternating-current side. As may be 
seen from Fig. 170 (a), the direct-current network has to carry 
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a harmonic of six times the supply frequency, whilst the 
alternating-current network has to supply the corresponding 
harmonics I^ and as is the case with normal six -phase 
working. 

The conditions are, however, quite difEerent where the six- 
phase connections of the two rectifier transformers belong to 
different groups. In this case (Fig. 170 (6)), the sixth harmonic 
in the output voltage of the one rectifier is in antiphase with 
the sixth direct-current harmonic of the other, so that a cur- 
rent Ig of sextuple frequency circulates between the two units. 
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Fig. 170. Parallel Connection of Six -phase Rectifiers 
I.E.E. Journal 


The direct-current network is thus not loaded by the sixth- 
harmonic current, but carries instead the next higher harmonic 
— in this case the twelfth. As far as the direct-current supply 
is concerned, therefore, the two rectifiers operate as a twelve- 
phase unit for which the harmonic of maximum amplitude has 
a frequency twelve times that of the alternating-current sup- 
ply. Similar conditions are encountered on the input side of 
the two units. Here the individual alternating-current har- 
monics supplied to each rectifier are also in antiphase, so that 
harmonic currents circulate between the two transformers. 
The first two harmonics corresponding to the sixth harmonic 
on the direct-current side are normally of quintuple and sep- 
tuple frequency (Jg and in Eig. 170 (6) ). But since, in this 
case, these circulate throughout the primary windings of the 
two six-phase transformers, the first two harmonic currents to 
be drawn from the line are the two of next higher frequency, 
namely, 111 and Il3. 
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Thus we find that the harmonics appearing in both alter- 
nating-current and direct-current networks are those corre- 
sponding to twelve-phase working, in spite of the fact that 
both rectifier units have six-phase transformer connections. 
This arrangement of rectifiers in parallel is of particular in- 
terest where interference with communication circuits is anti- 
cipated, and this is to be avoided without having recourse to 
expensive smoothing equipment. For the practical applica- 
tion of this method it is a necessary condition that the rectifier 



Fig. 171 

= (EV^) sin cot i — (I V 2) sin (cot - <j>) = (I V2) cos <f> sin cot 

V = — (I V2) sin 6 cos cot T — 2T:/a> 

I.E.E. Journal 

units be adjacent as well as of equal output. If they are con- 
nected to bus-bar sections which are remote from one another, 
care must be taken to ensure that the harmonics of each six- 
phase system are in phase. This applies particularly to the 
direct-current side where the presence of smoothing reactors 
produces a displacement of the harmonics with respect to their 
phase position when smoothing equipment is absent. At the 
same time it is to be remembered that the twelve-phase system 
formed by two six-phase rectifier units operating in the above 
manner may have a tendency towards instability. Where 
rigid twelve-phase working is desired, it is necessary to 
make use of the “series” connection discussed at the end of 
Chapter VI. 

The Effect of Harmonics upon the Consumption of Apparent 
Power. In order to judge the effects of the harmonics generated 
by the mercury-arc rectifier upon the kVA loading which it 
imposes upon the supply system, it is necessary to consider 
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the components of the apparent power in the case of non- 
sinusoidal voltage and current wave-forms. However, before 
investigating the mode of power production from alternating 
voltages and currents having quite a general wave-form, let 
us consider first of all the particular case where both voltage 
and current are sinusoidal, which, of course, represents the 
conditions obtaining in the majority of electrical machines. 

Referring to Fig. 171, i is the sine wave of current fiowing 
in a circuit and displaced by the phase angle </> with respect 
to the impressed e.m.f, c 
which is also sinusoidal. As 
is well known, the current 
can be resolved into two 
components, one of which, 
ip, is in phase with the volt- 
age, and the other, i^, is in 
quadrature with the volt- 
age. The former is known 
as the power component 
and the latter as the quad- 
rature or reactive^ compo- 
nent. As may be seen from 
Fig, 172, the power com- 
ponent ip produces, in combination with the voltage e, a power 
p which is strongly pulsating, but which nevertheless does not 
change its sign. This is known as the real or active component 
of the instantaneous power expressed by the product ei. Simi- 
larly, the quadrature component i,. combines with the voltage 
e to give a power p^ which is at times negative, at times posi- 
tive. This component of the instantaneous power, called the 
reactive power, is expended in the circuit duriag the time 
intervals from Tfi to TI2, and from 3T/4 to T. During the 
remaining time intervals, from 0 to Tj^, and from T[2 to STf4: 
this same power is given up by the circuit and returned to the 
supply. 

The reactive power thus represents an idle product of cur- 
rent and voltage which is continually being pushed to and fro 
between the consumer and the supply, both of which have to 
be capable of dealing with it in addition to the useful power 

* The general term wattless is purposely avoided here because, as will be 
shown later, it is not necessarily synonymous with the more specific term 
“reactive.’^ 



Fig. 172 

p — EI cos 9 ^ (1 - cos 2a)t) 
p^ — -EI sin <f) sin 2a)t 
T = 2tc/C0 

LB.E. Journal 
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with which it is associated. In other words, the power flowing 
from the supply to the consumer oscillates between a lower 
and an upper limit. The mean value of the power represents 
that which can be transformed by the consumer intp mechan- 
ical power. The amplitude of the oscillation represents the 
power for which both the consumer and the supply, as well as 
the electrical connections between them, have ultimately to 
be designed. The relation between these two is therefore a 
factor of importance in determining the degrees to which the 
generating plant and distribution system are ulitized by a 
consumer. This relation is generally expressed as the ratio of 
the active power to the total or apparent power in the circuit, 
and is then known as the 'power factor. 

In the case illustrated in Figs. 171 and 172, the e.m.f. may 
be expressed by e = {E^/2) sin {2rrtlT) and the current by i 
= (JV^) sin {27TtlT — cf)), where E and I are the r.m.s. values. 
It can then readily be shown that the active power is given 
hj P == El cos cf>, and the reactive power by = El sin <^. 
As the apparent power is P^ = El, the power factor in this 
instance is A = cos cj>. Furthermore, Pj^ = P^ 

Turning now to the general case in which both voltage and 
current may be non-sinusoidal, the true or active power is still 
the mean value of the instantaneous power. But the latter 
oscillates in a most complicated manner which is quite different 
from that illustrated in Fig. 172 in connection with sinusoidal 
wave-forms. The oscillation can, however, be resolved into 
imaginary component oscillations by resolution of the current 
and voltage waves into their respective fundamental and 
harmonic sine waves. The instantaneous power then exhibits 
two kinds of oscillation. The first kind consists of products of 
currents and voltage having the same frequency, these oscillat- 
ing powers having a frequency twice that of their respective 
constituent voltages and currents. The second kind comprises 
products of currents and voltages having different frequencies, 
and these power oscillations have a composite frequency. 

Each oscillation of the first kind can be further split up into 
two component oscillations, as is the case with alternating 
currents and voltages of sinusoidal wave-form (Figs. 171 and 
172). One of these is always of positive direction and fluctuates 
about a mean value EJ^ cos where E^ and are the r.m.s, 
values of the ?^th harmonic in the voltage and current re- 
spectively, and is the phase displacement between these 
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harmonics. This mean value represents the contribution of the 
harmonics to the active or useful power. The total active 
power is therefore 

P = cos (27) 

The other component continually changes its direction and 
oscillates about zero mean value. It represents the contribu- 
tion of corresponding current and voltage harmonics to the 
reactive or idle power. The effective value of this component 
for the nth harmonic is EJ„ sin so that the total reactive 
power is 

Pj, = SEJ^ sin (28) 

The power oscillations of the second kind, built up by the 
combination of currents and voltages of different frequency, 
also oscillate about zero mean value. Hence they do not con- 
tribute in any way towards the active power in the circuit. 
At the same time they do not contribute to the storage of 
magnetic or electrostatic energy and therefore do not add to 
the reactive power in the circuit. Such oscillations may arise 
in the case of a pure resistance load, a pure reactance load, or 
a combination of both. In all cases they constitute only an 
instantaneous excess of absorbed or released energy over that 
present in the circuit due to oscillations of the first kind. The 
power oscillations of the second kind therefore contribute to 
the product of the effective values of the voltage and current 
given by 

E = -s/[E^^ + Ei + E^-\- . . .■] = 
and I = 4- + /s" + • • • ] = 

In other words, the product El = P^, which is the total or 
apparent power in the circuit, is greater than the vector sum 
of the active and reactive powers by an amount equal to the 
sum total of all power oscillations of the second kind. To 
evaluate this latter quantity we have 

P^ -h P/ = cos <f,„f + sin 

= EE^HJ cos^ sin^ <^„ 

-1- 2SE^EJ^I„ cos cos 
-f 2ZEJEJJ^ sin <j>^ sin <j>„ 
= ZEJIJ + 2SEJEJJ, cos - (^„) 
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= SE^^Zh^ - ZEJIJ - ZE^^IJ 

~f” 2EE^EnI^I^ cos {(f)^ — 

= EU^ ^ E\_EJI^^ + E^^IJ 

— 2E^EnI^In cos {<f>^ •— (f>n)] 

Alternatively, 

= El = VIP^ + Pb^ + + Pr?IJ 

- 2E^EJJ[ri cos -(l>n)l] 

The apparent power carried by a non-sinnsoidal current in 
association with a non~sinusoidal voltage therefore has three 
distinct components. The first two components, viz. the active 
power P and the reactive power P^, are those encountered in 
dealing with sinusoidal circuits, and then usually referred to as 
power and wattless power respectively. The third component is 
expressed by 

P^ = - 2EMmIn COS {<t>^ - J] 

(29) 

which also has the dimensions of a power, as is to be expected. 
The author has defined this component as the harmonic power. 
Furthermore, in the author’s opinion the general term wattless 
power should be applied to any oscillating power having zero 
mean value. Wattless power, so defined, then includes both 
reactive power and harmonic power. Moreover, the apparent 
power is then always the vector sum of the active power and 
the wattless power. By adopting these definitions confusion is 
avoided when translating ideas arrived at in considering the 
particular case of sinusoidal currents and voltages to the more 
general case where the currents and voltages have a wave-form 
which is not sinusoidal. Summing up, then, the following defini- 
tions of the several products of a current i and a voltage e 
apply, where 

i = sin {ncot + 

and e = {^/2)EE^ sin {nwt + (x.^) 

Active power, 

P = EEJ^ cos where ; 

Reactive power, 

= EEJ^ sin <i>r , ; 
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Harmonic power, 

^ 2EMJn cos ~ 

Wattless power, 

Pw = V[P/ + P/] 

Apparent power, 

p. = V[P^ + P^2] = V[P^ + P/ + P/1 

Harmonic Power and Distortion Factor. The following par- 
ticular cases perhaps illustrate more clearly the peculiar nature 
of harmonic power. In the first place, if the phase displace- 
ment between current and voltage is the same for all harmonic 
frequencies, that is, if = ... etc., then equation 

(29) reduces to 

P^ = V^{EJ^ - EJ^f .... (30) 

If, moreover, the relation between current and voltage is the 
same for all frequencies, that is, if 

ImlEm = IJPn • • • ©tc. 

then the harmonic power becomes zero. These two conditions 
are only fulfilled simultaneously in the case of a circuit which 
contains resistance only, when • • • =0. 

For a circuit containing only reactance 

4^m — j>n=- • • • = zh 

the positive sign referring to capacitance and the negative sign 
to inductance. Furthermore, for the inductance 

EJml^ = Ejnl^ coL 

and for the capacitance 

IJmE^ = IJmE^ = . . . = coC 

Also the contributions of the harmonics to the reactive power 
are in this case = it: -Pizn = zb Hnin, etc. Hence 

equation (30) for the harmonic power becomes 

Pb = vm Vi'^M - V(«M) I ^PMr.P,n] ■ (31) 

Whether any particular term 

{PA)m, n = I V{m/n) - 
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of the harmonic power is positive or negative depends on the 
values accorded to m and n. However, for the same values of 
m and n it has the same sign for both inductive and capacitive 
cases. In other words, corresponding components of the har- 
monic power flowing in a condenser and in a choke coil are 
added arithmetically. On the other hand, corresponding com- 
ponents of the reactive power are added algebraically, since 
for any particular frequency these are of opposite sign.* There 
are therefore two reasons why it is impossible entirely to 
compensate the reactive power in a choke coil by connecting a 
condenser in parallel with it. In the first place, the resultant 
reactive power is zero for only one particular frequency. 
Secondly, the harmonic powers in the condenser and choke coil 
are additive. Hence the wattless power of the combination 
can only be made a minimum, but cannot be reduced to zero. 

A further special case involving harmonic power which is of 
importance is that of the electric arc. As is well known, the 
current taken by an arc contains powerful harmonics even 
when the arc voltage is sinusoidal. The effective power in this 
case is the product of the sinusoidal voltage and the funda- 
mental of the current wave, which is in phase with the sine 
wave of voltage. Thus P = EI-^ and = 0. The wattless 
power is due entirely to the harmonics in the current wave and 
is given by 

P,- - P^ = E^[Ii + J 32 + . . . + 7^2 ^ j , (32) 

The apparent power taken by the arc is therefore 

= V[P" + P/] = P = El 

where I is the r.m.s. value of the current. 

A similar example is afforded by the iron-cored choke which, 
even under the influence of a sinusoidal e.m.f., takes a dis- 
torted magnetizing current. Here the effective power is P 
= EI^ cos and the reactive power P^ = EI^ sin The 
harmonics in the magnetizing current combine with the sinu- 
soidal e.m.f. to give the harmonic power 

Pb = + • ■ • ] • • ( 33 ) 

* Steinmetz held the opposite view, maintaining that only the absolte 
values of the reactive power components are to be considered, regardless of 
whether such components are due to leading or lagging current harmonics. 
Schenkel is of the same opinion where a determination of the reactive power 
consumption of mercury-arc rectifiers is concerned (see Mektrotechnische 
Zeitschrift, 1925, Vol. 46, p. 1400). 
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In general, then, harmonic power is present whenever the 
resultant current wave is distorted with regard to the voltage 
wave. 

By introducing the conception of harmonic power it is 
possible when dealing with non-sinusoidal circuits to retain 
the meaning attaching to reactive power and apparent power 
in the case of sinusoidal circuits. At the same time its prac- 
tical value is undoubtedly affected by the fact that the har- 
monic power cannot be determined directly, but only indirectly 
through harmonic analysis of oscillograms. The reactive power 
can also not be measured directly except in the one case — of 
great practical importance — ^where the voltage is sinusoidal. 
The value which is nowadays placed on the measurement of 
reactive power, whether directly by reactive-kVA meters or 
indirectly by power-factor meters, arises from the fact that 
reactive power increases the transmission losses and conse- 
quently leads to a deterioration in the utilization factor of 
generating and distributing plants. 

As far as transmission losses are concerned, it is, ho-wever, 
immaterial whether these are due to the presence of reactance 
or of harmonics. The harmonic power, like the reactive power, 
contributes towards the system losses; and in the case of 
rectifiers this contribution is by no means inconsiderable. 
Schenkel* when publishing the results of some investigations 
into the measurement of the reactive power taken by mercury- 
arc rectifiers showed, for a six-phase rectifier, that the reactive 
power amoxmted to 56 per cent and the harmonic power 
to no less than 80 per cent of the active power. The vector 
sum of these two gives a wattless power approximately 
equal to the active power. This was, however, for a com- 
paratively small unit. For a modern unit of large output the 
reactive power is about 30 per cent, and the harmonic power 
about 20 per cent of the active power of the rectifier, corre- 
sponding to a wattless power of 36 per cent and a power factor 
of 0*94. 

The effect of harmonic power is generally taken into account 
by means of a ratio expressing the reduction in available kVA 
due to the presence of the harmonics. This ratio, known as the 
distortion factor jll, is defined by the equation 

-= wip/ - p/)yp^ .... ( 34 ) 


* Loc. cit. 



300 MERGVRY-ABC CURRENT CONVERTORS 


In the case of rectifier installations, where the supply voltage 
may legitimately be assumed to be sinusoidal, the distortion 
factor so defined becomes simply the ratio of the r.m.s. value 
of the fundamental component of the line current to that 
of the resultant current, including both fundamental and 
harmonic components. 

The Power Factor of the Mercury-arc Rectifier. Power factor 
is commonly regarded as being a circuit phenomenon arising 
from phase displacement between alternating currents and 
voltages. This fundamentally incorrect view has arisen, more 
or less inevitably, from the study of electrical machines, such 
as alternators, transformers and induction motors, in which 
the deviation from the sine curve of both current and voltage 
wave-forms is so slight as to permit of its being neglected in 
practice. It is only since we have grown familiar with the 
electric discharge and its varied applications that we have 
been forced to realize that such a conception of power factor 
leads to erroneous and even impossible conclusions. In electric 
discharge devices, such as the mercury-arc rectifier, the neon 
tube, and the gas-discharge lamp — to mention but a few 
typical and well-known examples — ^we encounter for the first 
time apparatus in which the distinction between power factor 
and the cosine of an angle of phase displacement becomes 
clearly apparent. This is accounted for by the fact that the 
traces of current and voltage no longer exhibit a wave-form 
which is truly sinusoidal.* 

To obtain a clear understanding of its meaning as applied 
to non-sinusoidal alternating-current circuits, it must be 
remembered that power factor is essentially a numerical ratio 
expressing efficiency of power utilization. The smaller its 
value, the less is the useful power in proportion to the total 
power available. The powder factor of a consumer is defined, 
therefore, as the ratio of the power usefully consumed (watts 
or kW) to the apparent power supplied (voltamperes or 
kVA). 

Considering an instantaneous current i of r.m.s. value I, in 
conjunction with an instantaneous voltage e, having an r.m.s. 

* Here again it is beyond the scope of the present work to consider the 
general case of power factor in alternating-current circuits. References to 
the available bibliography on this complex problem will be found in a paper 
by the author published in the I.E,E, Journal, 1933, VoL 72, p. 435. An out- 
line of the problem has been given by the author in an article which appeared 
in the Electrical Times on the 6th April, 1933. 



THE GENERATION OF HARMONICS 301 

value E, then if the active power carried by the current be P, 
the power factor is thus defined by 

A = P/IE 

which is a function of the load. Then it is true that 

(1) A ^ 1 and is only equal to unity if e and i have the same 
form, i.e. if e/i = a constant. 

(2) Only when e and i are sinusoidal is A = cos </>, where ^ 
represents the phase displacement between e and i. If this 
phase displacement be indicated by A((^), then we have A(0) = 1. 

(3) If e be sinusoidal and i non-sinusoidal but symmetrical, 
then A can be represented by 

A(^) == A(0) cos (35) 

where (/> is also a phase displacement. Here A(0) represents the 
value of A(^) at no load. 

In case (2) the power factor A is a universal characteristic by 
which the degree and manner in which the generating plant is 
stressed by the power consumer may be determined. The 
electrical stressing is indicated by 

= P/cos (f^^P/X (36) 

At the same time A is a measure of the magnetic stressing of 
the generating plant as expressed by the reactive power 

P, = P,sin^6 = P,V[l ■ • • (37) 

In case (3), with which we are here concerned, however, the 
power factor can no longer determine the magnetic stresses, 
although it is by definition stiU a measure of the electrical 
stresses imposed on the generating plant. This is apparent 
from a consideratf on of the equation 

P/ = P2 + P^2 + p2 p2 + p^2 

which, for P = AP^, gives 

P^ = P^V[l-^^] (38) 

which, is not the same result as (37). However, if we write 

Ph = -P.VEi - (3®) 
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we obtain a ‘'reactive ” power factor which can be used to 
determine the reactive power (kVAE.) loading.* 

In the case of the mercury-arc rectifier, where the line volt- 
age may be assumed sinusoidal, the problem of determining 
the power factor is simplified in that it permits of both a 
physical interpretation and a graphical solution. We may 

write for the line voltage 
/ e = {E'\/2) sin cot, 

/ The non-sinusoidal line cur- 
rent may be represented by 
the Fourier series 

i = — ^n) 

giving an r.m.s. value 

+ . .) 

Fic. 173. COKPO™ or A ® 

Non-sinusoid A ii Alternating Current the lUnaamentai com- 

ponent and Ijy that of all 
the harmonic components. The fundamental, being a sinusoidal 
current, may be resolved into its two components as shown in 
Fig. 171. One is the active or power component Ip = cos ^ ; 
whilst the other is the reactive or quadrature component 
Ip — I^sin <j). We then obtain the relation 
P - // -b // + (40) 

illustrated vectorially in Fig. 173. The fundamental and its 
two components all lie in the sinusoidal plane (shown shaded). 
The active component Ip is in phase with the line voltage E, 
the reactive component Ip lags 90 electrical degrees behind the 
voltage, whilst the fundamental 7i lags behind E by the phase 
angle The harmonic component 1^ is at right angles to the 
sinusoidal plane. On multiplying equation (40) throughout by 

* From equations (38) and (39) we obtain 
whilst from equation (34) we find for the distortion factor 
Consequently = P^ VCl ~ 

so that the distortion factor may, in the same way, be looked upon as a 
“harmonic” power factor, by means of which the harmonic power loading 
may be determined. 
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dE^ we obtain tbe corresponding power relation 

P/ = P2 + P/ + P/ .... (40a) 

in which P^ = {•\/Z)EI is the total or apparent power, i.e. the 
line kVA; P = {\/Z)EIx<^o^ ^ is the useful or active power; 
Pr = is the reactive power; and = (y'3)P . 

V (-^2^ + + . . . + In^ + . . . ) is the harmonic power. 

The wattless power,* defined as the vector sum of the reactive 
and harmonic powers, is in this case 

P^ = {V^)EI^ 

= (V3)P . V^i^sin^c^ + I^ + I32 + . . . 

+ /«"+.. .) 

The power factor of the rectifier is thus 

X = P/Pj^ = Ii cos ^/7 .... (41) 

The distortion factor is, similarly, 

^ = WiP/ - p/)]/p^ = wiP - = iji (42) 

Hence the rectifier power factor is given finally by 

1 = fx , cos . (43) 

In this equation cos 0 is the cosine of the phase angle between 
the voltage and the fundamental component of the current, 
and is termed the displacement factor. The reactive power 
factor giving a measure for the reactive power consumption 
of the rectifier is found from equation (39) to be 

= Wi^/ - Pn^)VP^ = iViP - sin^ ^)]/J 

= ^/(l — . sin^ (f) (44) 

Equation (44) may be written in tbe form 

Xg — d. cos ^ ■ (45) 

where 

a = V[1 + (1 - iP) tan® 

from which it is at once seen that the reactive power factor 
Xg is for all practical purposes identical with the displacement 
factor cos <f). For example, the value of i5 for a six-phase recti- 
fier at full load, taking into account the magnetizing current 
of the transformer, is 1-002 approximately. In any case, by 
♦ Of. JEledrical Review, 1933, Vol. 112, p. 383. 
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putting Xg — cos 4> the error is on the correct side, since the 
value of Ps given by P^ sin ^ is actually somewhat greater 
than the true value given by PaVI)- ~ V]- 

Both the power factor and the displacement factor can be 
determined by means of wattmeters, voltmeter, and ammeter. 
Bor we have, by definition, 

P watts 

^ El ^ volts X amperes 

Furthermore, by the two-wattmeter method we obtain 
Wi = JcEI/j, cos (^TT — ( 5 S) 
and W 2 = lcEI[ji cos (^tt + (j>) 

givmg tan cf> = 

from which = cos ^ can be determined. The distortion 
factor is then Mally given by ^ = A/cos 
In the mercury-arc rectifier the occurrence of an angle of 
phase displacement between cmrent and voltage is due to the 
overlapping of the individual anode currents which, in turn, 
is occasioned by the presence of reactance in the rectifier 
transformer as explained in Chapter III. In this case the 
delay in arc commutation, expressed by the angle of overlap 
u, occurs quite naturally and is, moreover, a function of the 
load on the rectifier. It is to be expected, therefore, that the 
phase displacement between primary current and phase volt- 
age (or line current and phase-to-neutral voltage) should bear 
some definite relation to the angle of overlap, and that the 
displacement factor of the rectifier should consequently vary 
with the load also. That this is actually the case may be seen 
by reference to Fig. 174. Diagrams (a) and ( 6 ) show the out- 
put voltage and anode current wave-forms in the case of a 
single-phase full wave rectifier. Diagram (c) illustrates the 
relation of primary current to primary phase voltage on the 
assumption that the current wave-form is rectangular, i.e. 
neglecting the effect of transformer reactance in tending to 
di m i n ish the rate of rise and fall of the current at the beginning 
and end of each half wave. 

The reactance voltages are indicated by the shaded areas in 
Fig. 174 (a). The reactive powers produced by these voltages 
hx association with the rectifier current must be zero taken 
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over the whole cycle as, by definition, the mean valne of any 
wattless power is zero. Consequently the product of current 
and voltage during the period from ^ to u at the beginning of 
the positive half cycle, must be equal and opposite to the sa.mo 
product taken over the period from zero to ^ at the beginning 



Fig. 174 . Phase Displacement due to Ovbelap 
(a) Bectified voltage (&) Anode current (e) Primary current 


of the negative half cycle. Hence we obtain from Fig. 174 (c) 
the condition that, 

J rTz + (l>' 

' FE'^s/^ . sin a; = 0 

7C 

i.e. that 

[cos ^ — cos + [cos TT — cos {'IT + ^)] = 0, 
which gives 

cos ^ = (1 + cos %)I2 = gob\uI2) 



(46) 
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But from equation (4a) we have 

cos2 (^y2) = ValVa^ 

so that, finally, we arrive at the relation 

^ValVd, • • (47) 

This fundamental relation is of considerable importance and 
may be stated in quite general terms, as follows : If the ohmic 
losses in the rectifier and its associated transformer are neglected, 
then the displacement factor is given by the ratio of the mean 
output voltage at full load to that at no load. 

The distortion factor is, similarly, a function of the rectifier 
load- At no load, when u = 0, the anode currents have a 
rectangular wave-form and the line currents consequently take 
on the outlines illustrated in Fig. 169. The no-load values of 
the distortion factor for different numbers of rectifier phases 
may therefore be taken from Table IV, remembering that 
y = IfL These values are as follows 


p: 1 

] 

2 

3 

6 

12 

j 

0-9 

0*826 

0*955 

0-988 


The effect of transformer reactance is not only a displace- 
ment of the primary current wave, but also an alteration 
in the overlapping of the anode currents, and therewith a 
change in the distortion of the primary current as compared 
with that obtaining at no load. As already mentioned, both 
these changes are dependent on the rectifier load, as this deter- 
mines the amount of overlap for a given transformer reactance. 
An increase in load results on the one hand in a reduction of 
the relative distortion and, on the other, in an increase in the 
displacement of the current with respect to the voltage. In 
other words, with rising load the distortion factor increases, 
whilst simultaneously the displacement factor decreases — the 
latter effect eventually preponderating beyond 25 to 50 per 
cent overload in the case of rectifier units with transformers 
of normal reactance value. The increase of the distortion 
factor with load is proportional to the reduction in r.m.s. value 
of the anode currents and is thus determined by the factor 
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V[1 — f . ¥>(«)] of Fig. 14. The distortion factor at any given 
load may thus be obtained from the relation 

= iMo/V[l —R • '¥'(■“)] (48) 

Fig. 175 shows the variation of cos fx, and X with load, as 
expressed by cos u, for the case of double three-phase rectifier 
operation of a six-phase rectifier, and is typical of the relation 



PO 0-95 0-90 085 0-80 0-75 070 0S5 


COSU. 

Fig. 175 . Vakiation of Distortion Factor, Displacement Factor 
AND Power Factor with the Angle of Overlap 


between these several circuit quantities and the overlapping 
of the anode currents. 

The Influence oJ Grid Control upon Power Factor and Har- 
monic Generation. The fact that grid control provides a means 
of voltage control through the medium of artificially delayed 
arc commutation, i.e. quite independently of the natural delay 
due to overlapping of the anode currents, immediately raises 
the question of the eflect of such grid control upon the power 
factor of the rectifier. Referring to diagram {a) of Fig. 176, 
the loss in available output voltage due to retarding the 
instant of arc commutation by the so called ignition angle a 
is indicated by the shaded areas ; and as was shown in Chapter 
X, there is a definite relation between the mean output 
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voltage Va and the angle a. According to equation (25), this 
relation is 

cos a = ValVd, (49) 

where is the maximum value of V a, at no load and with 

a = 0. 



Now in the ease of a rectifier, as with other forms of con- 
verting plant, if all losses are neglected, then the power out- 
put on the direct-current side must be equal to the active power 
input on the alternating-current side. Consequently we obtain 
the power equation 

(Output kW) = (Input kVA) x (Power Factor) 
or, Fd . Id = Fj, X oos ^ . . . (50) 

The distortion factor being the ratio of the r.m.s. funda- 
mental component of the line current to the total r.m.s. line 
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current is given by the ratio of W a, the apparent direct-current 
kW output at the secondary terminals of the rectifier trans- 
former (i.e. the kW output of the rectifier on the assumption 
that no drop in the mean output voltage takes place), to Tf 
the apparent kVA in the line.* Hence 

= w a! fiQ — {y I d)i 

so that equation (50) reduces to 

• ( 51 ) 

Comparing this equation with equation (49), we arrive at 
the important conclusion that cos ^ = cos a. In other words : 
If the ‘power losses in a grid-controlled rectifier and its associated 
transformer are neglected, then the displacement factor is numer- 
ically equal to the cosine of the ignition angle. 

Again, on comparing equations (47) and (51), it is seen that 
in the case of grid-controlled rectifiers also the displacement 
factor is directly proportional to the mean output voltage. 

On referring to Fig. 176 the reason is at once apparent. 
Due to grid-control the anode current % lags the anode voltage 
Cl by the ignition angle a. As the result, the corresponding 
primary current if also lags behind the primary phase voltage 
ef by the same angle. Neglecting the effect of overlap, dis- 
cussed in the preceding section, it is seen from diagram (c) 
that the phase displacement <[> of the fundamental component 
of primary current is identical with the ignition angle a. If the 
effect of overlap be taken into account, the total primary phase- 
displacement is then equal to the sum of the individual dis- 
placements due to grid-control and overlap, i.e. cj) = u). 

In other words, the relation cos ^ = V a! V holds good in all 
cases, quite irrespective of the fact that the reduction in 
terminal voltage may be due either to grid-control or to trans- 
former reactance. This universal relationship may be stated 
as follows: In a mercury-arc rectifier the reduction in displace- 
ment factor is directly proportional to the reduction in the direct- 
current terminal voltage. 

The influence of grid-control upon the power factor of a 
typical six-phase rectifier unit is illustrated by Figs. 177, 178, 
179, and 180. Diagram (a) of Fig. 177 shows the output voltage, 
whilst diagram (6) depicts the formation of the output current 


Of. Tables 11 and IV, 
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la, in the case of oc = 0"^ and Va = V^^. Diagram (c) shows the 
corresponding line current which is in phase with the phase- 
to-neutral voltage Ej^ as the effect of overlap has been neglected 
for the sake of clarity. The current distortion introduced into 
the supply network due to the non-sinusoidal wave-form of 



Fig. 177 . Cxjurbnt and Voltage Belations with a = 0° and 
Pebfect Smoothing of the Direct Current 
Siemens-Zeitschrif t 


the line current is clearly illustrated by Fig. 178. In this case 
not only the fundamental but also the harmonic components 
of the line current 1^ are in phase with the voltage 

Fig. 179, by comparison with Fig. 177, shows the effect of 
retarding the instant of arc ignition by the angle a = 60°. 
The mean output voltage is halved, whilst the anodes carry 
the load current one-sixth of a cycle later. As the result, 
the line current lags behind its corresponding voltage E^ by 
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the phase angle ^ = 60°. At the same time the current dis- 
tortion is unaltered,*^ as may be seen by comparison of Fig. 
180 with Fig. 178. In this case both the fundamental and the 
harmonic components of the line current are displaced in 
phase with respect to the voltage E. The fundamental is 
in turn shown resolved into its two components ; the power or 
active component Ip — Ii cos (f> in phase with the voltage E, 
and the quadrature or reactive component Ie = It sin 90° 



Fia. 180. Resolution of the Line Current into its Active, 
Reactive, and Harmonic Components (See Fig. 179) 


out of phase with E. It is clear, therefore, that with the 
retardation of the instant of arc ignition by grid-control is 
associated a very marked consumption of reactive power. In 
fact, the reactive power loading of a grid-controlled rectifier 
increases rapidly as the output voltage is reduced, the relation 
being expressed by 

= .... (52) 

* Strictly speaking, this statement is only valid if the output current 
is non-fluctuating at all values of rectifier load and ignition angle, that is, 
if the degree of smoothing on the direct -cmrent side is considerable. The 
wave-form conditions on the alternating-current side will alter, however, if the 
degree of smoothing is inappreciable, i.e. if the rectifier load consists chiefly of 
resistance. Tinder these conditions an increase in the ignition angle a is 
accompanied not only by the phase displacement described above, but also 
by a variation in magnitude of the individual harmonics. As this case occurs 
only seldom in practice it will not be considered here. 
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In this respect, therefore, the grid-controlled rectifier differs 
materially from the normal type of rectifier, where the phase 
displacement seldom exceeds a maximum ralue of 25° to 30°, 
occurring at full load. 

The coimection between the several components of the line 
current and the ignition angle is represented graphically in 



Fig. 181 . Relation Between Ignition Angle and Components 
OF THE Line Ctjbbent 
IJI == yU ; IpJIi = cos 0 
Ipjl = fx oos <l> = k 
I jg/I == // sin ^ = A tan 
Ij/I = Iwn = V(l - A“) 


Fig. 181. By means of such a diagram it is a comparatively 
simple matter to evaluate the active' power, reactive power, 
and harmonic power drawn by a rectifier from the alternating- 
current supply for different values of the mean output voltage 
as determined by the fundamental relation . cos a. 

The phase-to-neutral voltage E and the power component Ip 
of the line current are taken as ordinates, whilst the reactive 
component Ip and the wattless component Ij^ = + ^h^) 

are taken as abscissae. At maximum output voltage (a = 0°) 
Ip is represented by OA, and by AB, so that OB then repre- 
sents the line current I. The reactive component Ip is in this 
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case zero. With oc = 60°, for example, the output voltage is 
reduced by one-half, and Ip accordingly is represented by 
OC = i{OA), since the direct-current output has been reduced 
in the same proportion. The reactive component == sin (f> 
= Ji sin oc is then represented by CD, The vector sum of these 
two components, namely, OD, therefore represents the funda- 
mental component of the line current, which has the same 
value as before, so that OD = OA, The line current I must 
also have the same value as before, since the fundamental and 
harmonic components are unaltered in value by any change in 
the ignition angle a. By making DF = AB and drawing the arc 
FE about C as centre, we obtain CE = CF = ^/[{CD)^ + (DF)^]. 
Hence CE represents the wattless component of the line 
current. Finally, OE represents the line current J= -f - . 

The displacement factor cos <f> is given by the ratio OGjOD. 
The power factor X is then given by the ratio OCjOE^ whilst 
the distortion factor ix is similarly given by the ratio ODJOE. 

Although any change in the ignition angle has, in general, 
no sensible effect upon the magnitude of the harmonics on the 
alternating-current side of a grid-controlled rectifier, the har- 
monics in the direct-current output voltage increase very con- 
siderably in value as the instant of arc ignition is retarded. 
This influence may be gauged from consideration of the 
analysis of the output voltage wave in the general case where 
the arc commutation is delayed by the angle a through the 
medium of grid-control. Referring to the analysis at the com- 
mencement of the present chapter, which related to the par- 
ticular case where a — 0, the rectified voltage may again be 
expressed by the Fourier series 

F{d) = Aq -h cos + As cos + A^ cos 
+ . . . A^ cos mpd + . . . -f- sin 
+ Bg shi 2p6 -f- Bg sin ZpO -f . . . sin mpd 

+ . . . 

The constant term, Aq, here represents the mean output 
voltage V a given by the general equation 

Fd = E ^/2 . (p/77) . sin (77/p) . cos oc . . ( 63 ) 

The limits of integration for determining the coeificients of the 
several sine and cosine terms are in this case, however, (a — 77/p) 
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and (a + Trjp) for the voltage function F{d) = E^2 , cos 6. 
The series is then evaluated as before by 

rp /ia + TC/p 

An = - F{d) cos nd dd 

'^J a — It Ip 
rp ra + 7zlp 

and Bn = - F{d) sin nd dd 

'^Ja — tzIp 

Here again n = mp, where m is an integer. Hence 


/2 ,p 

/ cos d cos mp6 dd 

^ Ja- Tzip 

■[ 


Az E'\/2 . _p/'7T . sin (tt/p) 


cos (n— l)oc 
n — I 

cos {n + l)ot’ 


- l)oc~ 

I _ 


Also 


n + 

= it — 1) [cos na + n sin ncc tan a] 

E\/2 . p ra+TT/p 

— - cos d sin mpd dd 

Ja — TT/p 

. , . / , N fsin (n — l)a 

= ± E^/2 . pfn . sin {-rr/p) . — — — -j- 

sin {n + l)a' 

nJ+1 

= it — 1) • [sin n7, — n cos n(x tan a] 

The amplitude of the harmonic of frequency n — mp is given 
by '\/{AyJ + The r.m.s. value of the nth harmonic is 

therefore 

^[^(l + n^ tan^ a)] 


E^ 




1 




(54) 


Remembering that the displacement factor is identical with 
the cosine of the ignition angle, we may write equation (54) 
in the form 



Table V and Fig. 182 give the r.m.s. values of the several 
harmonics at no-load, expressed as percentages of the mean 
output voltage F^, for different values of the displacement 
factor cos It is at once seen that the values corresponding 
to cos ^ = 1 (a = 0) are the same as those given in Table III, 
as is to be expected. 




Fig. 182 . Relation Between Displacement Factor and R.M.S. 
Valtje of Output-Voltage Harmonics 
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TABLE V 


DisPLifflirai Factor 


Frequency of the 
Harmonic 

I'OO 

0-95 

0-90 

0-85 

0-80 

0-75 

0-70 

a = 0* 

18*12' 

25* 50' 

31*18' 

36* 52' 

41*24' 

45* 35' 

2/ = 100 cycles 

47-13 

56-55 

65-65 

75-00 

84-90 

95-50 

107-00 

3/ = 150 cycles 

17-67 

24-72 

31-10 

37-45 

43-50 

60-10 

56-77 

4/= 200 cycles 

9-44 

15-55 

20-50 

25-16 

29-67 

34-61 

39-58 

6/ = 300 cycles 

4-05 

8-91 

12-37 

15-55 

19-29 

21-69 

25-08 

8/ = 400 cycles 

2-25 

6-29 

8-98 

11-37 

13-64 

16-11 

18-45 

9/= 460 cycles 

1-77 

5-51 

7-85 

10-04 

12-02 

14-14 

16-32 

10/ = 600 cycles 

1-43 

4-88-1 

7-03 

8-98 

10-68 

12-38 

14-56 

12/= 600 cycles 

0-99 

4-05 

5-79 

7-43 

8-84 

10-53 

12-02 

14/ = 700 cycles 

0-73 

3-32 

4-95 

6-22 

7-55 

8-90 

10-32 

15/ = 750 cycles 

0-63 

3-15 

4-56 

5-83 

7-07 

8-35 

9-62 

16/ = 800 cycles 

0-56 

2-90 

4-24 

5-45 

6-64 

7-78 

8-98 

18/ = 900 cycles 

0-44 

2-66 

3-82 

4-88 

5-86 

6-96 

8-00 

20^ = 1 000 cycles 

0-36 

2-40 

3-51 

4-48 

5-41 

6-35 

7-28 

21/ = 1 050 cycles . 

0-32 

2-19 

3-25 

4-17 

5-02 

5-93 

6-85 

22/= 1 100 cycles 

0-29 

2-12 

3-10 

3-96 

4-79 

5-62 

6-45 

24/ = 1 200 cycles 

0-25 

1-91 

2-82 

3-64 

4-38 

5-19 

6-01 





CHAPTER XV 

THE CALCULATION OF RECTIFIER CIRCUIT DATA 

As a general rule th.e starting-point in the design of any rectifier 
installation is the direct-current output, expressed in terms of 
the fuU-load direct voltage Va and the full-load continuous 
current The calculation of the rectifier circuit data then 
proceeds by stages, of which the most important is the deter- 
mination of the main design elements of the rectifier trans- 
former, whereby it is assumed that the electrical constants 
of the alternating-current supply system are known.* The 
design of the rectifier itself is largely determined by the over- 
loads it is called upon to carry, but it is also influenced by the 
value of the output voltage. For it must be borne in mind 
that the rectifier, unlike rotating converting plant, has no 
large masses which can store heat energy for an appreciable 
time ; and that, like switchgear, its physical size is determined 
principally by current-carrying capacity, and not by power 
output as in the case of electrical machines. f 

The design elements of the rectifier and transformer having 
been determined, the performance characteristics of the unit 
as a whole must next be obtained. In general, this determina- 
tion is limited to a calculation of the mean output voltage, the 
efficiency, and the power factor of the unit at different loads, 

* In what follows, the assumption is made that the output of the rectifier 
installation is negligible in comparison with the capacity of the supply system, 
so that the voltage of the latter remains unchanged in form and magnitude, 
whatever may be the nature and amount of the load on the rectifier. Such an 
assumption is quite reasonable except, possibly, in the comparatively rare 
case where a large number of traction rectifier substations, for example, 
constitute the base load of an isolated e.h.t. network. In this case the recti- 
fier load as a whole has a considerable efiect on the circuit conditions on the 
alternating-current side of each rectifier substation, and any design data will 
have to be corrected to allow for the presence of supply reactance. The 
calculation of this correction in a very simple instance, that of a rectifier 
unit forming the sole generator load, is considered by Dallenbach and Gerecke 
in a paper referred to in the author’s preface. Another aspect, that of recti- 
fier power factor, has been treated somewhat more generally in a recent 
paper by the author published in the Journal of the Institution of Electrical 
Engineers (Vol. 72, 19S3, p. 4S5). 

f Broadly speaking, for a rectifier of given physical size, the maximum 
continuous rating in amperes is inversely proportional to the square root of 
the direct-current output voltage. 


318 
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althougli in some cases a knowledge of the harmonics on the 
alternating-current and direct-current sides of the unit may 
also be required. 

General Considerations. As with all other calculations of 
this kind, the required design data cannot all be obtained 
directly. The majority must be derived by successive approx- 
imation from certain basic assumptions regarding losses and 
reactive voltage drop. 

As a first approximation, the effect of transformer reactance 
may be neglected entirely, and the main transformer data can 
then be obtained directly from the given full-load output cur- 
rent and the ideal full-load voltage at the direct-current 
terminals as determined by 

y d = y d ( 56 ) 

where is the given full-load voltage, is the arc drop of 
the rectifier, and the voltage drop due to copper losses in 
the transformer [c/. equation (10)]. 

The next stage in the calculations is to determine the actual 
drop in output voltage occasioned by reactance in the rectifier 
transformer. The transformer reactance is generally expressed 
as the reactive voltage drop in the transformer, at rated pri- 
mary current, taken as a percentage of the rated no-load 
voltage, and is accordingly specified as x per cent, based on 
the primary kVA-rating of the transformer. Consequently, 
we have 

a; = rX'jE' X 100 (57) 


where X' is the primary reactance per phase expressed in 
ohms. The equivalent secondary reactance per phase X is 
then given by 

X = X'IN^ (58) 


where N is the turns-ratio of the transformer. The absolute 
drop in direct-current volts due to this reactance is equal to 


u 

e, = V. . sin2- = EV2 


{p/27r) . laX 


P . *77 

. ~ sm - . 

TT PL 


laX 1 

{2E'\/2) . sin. (Tr/p)_ 


(69) 


From this we obtain, finally, 

cos2(m/ 2) = F,7F,„ = F,7(F/ + e,) 
from which the angle of overlap u is determined. 


(60) 
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It is now necessary to repeat the calculations, revising the 
transformer data so as to take into account the effects of 
overlap by means of the several current reduction factors 
--p In this way a new value of is obtained, 

giving a second approximation for the angle of overlap. In 
most cases this latter approximation will be sufficiently accu- 
rate for all practical purposes, but a final check may be made 
on the resulting figures by making use of this fresh value of u 
in repeating the calculations once more. 

Finally, it is necessary to take into account the magnetizing 
current of the rectifier transformer. On the assumption of 
certain percentage values for the transformer iron losses F,- 
and magnetizing current, the power component and the 
reactive component of the no-load current Jq taken by the 
transformer may be determined. As explained in the pre- 
ceding chapter, the components of the primary current T of 
the transformer are the power component , the re- 

active component IV. = sin </> = I' . Ao tan (/>, and the 
harmonic component 

IV = /V(1 - = IV[1 - (^Vcos^ <!>)] 


These may be determined from the relations 


^ kW input to rectifier transformer 


(61) 

° ~~ kVA input to rectifier transformer ~ 

■ 

and cos <[> 



ideal full-load output voltage VV 

2 “ 

(62) 

no-load output voltage ” V a. 

— COS 2 * 

The corrected primary current is then 




(63) 


from which the figure for the primary copper loading may 
in turn be corrected, as may also the mean kVA rating W. 

The last stage in the calculations is the determination of the 
operating characteristics of the rectifier unit. The efl&ciency is 
given by the ratio 


kW output of rectifier 
kW input to transformer’ 
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and its value at full load is thus given by 



The power factor is given by 

1 = (V + W' (65) 

whilst the direct-current terminal voltage may be found from 

Y ^ = V €>q 6 ^ . . . . . ( 66 ) 

in which and are both directly proportional to the load 
current I g, whilst may be assumed constant. 

The Design of a Typical Steel-tank Rectifier Unit for Traction 
Service. The design data are required for a six-phase steel-tank 
rectifier unit having a full-load direct-current output of 
2 000 kW at 1 500 volts, and capable of carrying the following 
overloads — 

25 per cent for 2 hours, 

50 per cent for 15 minutes, 

100 per cent for 15 seconds, 

L 200 per cent momentarily. 

The three-phase alternating-current supply to the unit is at 
33 000 volts and has a frequency of 50 cycles per second. The 
rectifier transformer is to have a reactance of 8 per cent and 
its magnetizing current is not to exceed 5 per cent at rated 
primary voltage, whilst the iron and copper losses are to be 
taken as | per cent and per cent respectively. The arc drop 
in the rectifier is to be assumed constant at 25 volts. 

(A) Steel-tank Rectifier. The full-load current output is 

I^ = X 1 000 = 1 333 A. 

Bearing in mind the fact that for a rectifier any rating in 
excess of a half-hour rating must be considered as a continuous 
rating, then the M.C.R. of the rectifier is 1*25 X Ig= I 667 A. 
Moreover, as the M.O.R. is, as a rule, based on direct-current 
pressures below 500 volts, the equivalent M.C.R. of the 
rectifier becomes 1 667 X ^/(l 500/500) = 2 890 A. It is this 
500-volt M.C.R. which determines the actual "Hank size” 
of the rectifier, so that in this particular case the nearest 
standard tank is likely to be one rated at 3 000 A. 
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The amount of cooling water required is determined by the 
energy lost in the arc, which loss is manifested as heat dis- 
sipated to the circulating water, and radiated away to the 
surroundings of the rectifier. The heat lost to the surroundings 
is only a very small proportion of the total, so that one may 
assume the entire kW-loss in the arc to be carried away by 
the cooling water. The power lost in the arc at full load is 


W'a = 


25 X 1 333 
1 000 


33-3 kW. 


Agamni-n g an inlet water temperature of 15° C. and a maximum 
outlet temperature of 45° C., the amount of cooling water* 
required at full load will be 

00.0 y g0() 

C = (45 _ 15 ) X T o ^ 0*946 cub. m. per hr. = 208 gal. per hr. 


(B) Rectifier Transformer. For a six-anode rectifier 
carrying more than 1 000 A continuously, it is usual to adopt 
a phase-equalizing connection so as to reduce the r.m.s. anode 
loading. At the same time the utility factor of such a con- 
nection is higher than that of a simple six -phase connection 
such as the fork circuit discussed in Chapter V. In this case, 
therefore, the choice of transformer connection will naturally 
fall upon the double three-phase circuit employing a single 
phase-equalizing choke coil connected in the neutral point. 

The ideal full-load voltage at the direct-current terminals of 
the rectifier unit, i.e. the full-load voltage which would be 
obtained if there were no losses in the unit, is found from 
equation (56) to be 


7/ = 1 500 + 25 4- 


1*33 X 2 000 X 1000 
100 X 1 333 


1545 V 


(1) First Approximation. From Table II and Chapter V we 
have 

= 1*05 X 1 545 X 1 333 = 2 165 kVA, 

Fa = 1-48 X 1 545 X 1 333 = 3 050 kVA, 

Ft = 1*35 X 1 545 X 1 333 = 2 780 kVA. 

* In this connection it is to be remembered that in most designs of 
steehtank rectifier thermostatic control is adopted to regulate the cooling 
water-flow in accordance with the rectifier load. The actual cooling water 
consumption over a given period of time will therefore be sriven by the 
expression 

O X (Load Factor) x (No. of Running Hours), 
t Including the equivalent kVA rating of the phase equalizer. 
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Furthermore, we have 


R.M.S. primary phase voltage, E' = 


33 000 

V3 


= 19 050 volts 


and — 


R.M.S. secondary phase voltage, E = 0-855 x 1 545 

= 1 320 volts. 

Hence the turns-ratio of the transformer is 


19 050 

^“T320 = 


14-42. 


The primary current, F 


3E' 3 X 19050 “ 


From equation (57) the primary reactance per phase is 
found to be 

8 19 050 

38 =^0-15 ohms. 

so that the equivalent secondary reactance per phase, as 
given by equation (58), is 

40-15 

^ — /I ^ 7^ 7 2 = 0-193 ohm. 

(14-42)2 

From equation (59) the drop in direct-current volts, between 
no-load and full-load, due to this reactance is 


e,, = 


_3_ 

277 


X 


1333 

~~~Y~ 


X 0-193 = 61-4 volts. 


because in this particular case, with double three-phase 
operation of the rectifier, only half the load current is being 
commutated in each three-phase system (so that ^ = 3, 
1 333 

and Id ~ ^ — in. the formula for e^). 

Consequently the no-load voltage at the direct-current 
terminals is 

Vd, = F/ + e, = 1 545 + 61-4 = 1 606-4 volts. • 
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Finally, from equation (60) we obtain 


1645 
2 ■“ 1 606-4 


0-9618 


giving u = 22° 32' for tbe angle of overlap. 

(2) Second Approximation. In the present case, where the 
rectifier operates on the double three-phase system, with p — 3, 
the current reduction-factor is ■s/\\ — 3 . ip (w)], which, from 
Fig. 14 or equation (9), has the value 0-975. Allr.m.s. current 
values and, consequently, the several kVA ratings also, must 
therefore be reduced by 2-5 per cent. The corrected value for 
the ideal kW output of the rectifier is 

= 1 606-4 X 1 333 = 2 120 kW, 

so that the kVA ratings of the transformer now become 

IFi = 0-975 X 1-05 X 2 120 = 2 190 kVA, 

Wz = 0-975 X 1-48 X 2 120 = 3 090 kVA, 
and W = 0-975 X 1-36 X 2 120 = 2 816 kVA. 


The primary current now has the value 


F = 


2 190 


3 X 19 050 


= 38-37 A. 


The corrected secondary phase pressure is 

= 0-855 X 1 606-4 = 1 373 volts, 
so that the transformer tums-ratio becomes 


N = 


19 050 
1373 


13-87. 


The secondary reactance per phase is accordingly 

8 19 050 1 „ , 

^ ~ lOO’ ^ 38-4 ^ (13-87)2 “ ohms. 

The corrected value for the direct-current voltage drop due to 
reactance is therefore 


1333 

27r ^ 


2 


X 0-2064 = 65-7 volts. 
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The no-load pressure at the direct-current terminals thus 
becomes 



From this we obtain the corrected value u = 23° 18' for the 
angle of overlap. 

(3) Final Chech, Making use of this new value of u we obtain 
0*9745 as the final value of the current reduction-factor 
<\/[l —p-y}(u)]. On repeating the calculation we find: 

= 2 148 kW, TTi = 2 200 kVA, = 3 100 kVA, IF = 2 830 
kVA, r = 38*5 A, = 1 377 V, A = 13-83, X = 0*207 Q, 
and Cr = 66 V, from which 1611 V and cos\ul2) = 

0*959. This gives a final value u = 23° 20' for the angle of 
overlap, which differs only very slightly from the previous 
value. 

Accordingly, we now obtain the following principal design 
elements — 

Anode current, 

I = 0-9745 X 0*289 x 1 333 = 375 A, 

Primary current, 

r = 0*9745 X 0*408 X 1 333 X 1/13-83 = 38-5 A, 
Secondary phase voltage, 

E = 0-855 X 1 611 = 1377 V, 

Primary phase voltage, 

E' = 0*577 X 33 000 = 19 050 V, 

Secondary copper loading, 

= 0*9745 X 1*48 X 1 611 X 1 333 = 3 100 kVA, 
Primary copper loading, 

= 0*9745 X 1*05 X 1 611 X 1 333 == 2 190 kVA, 

Mean transformer rating, 

W = 0*9745 X 1*35 X 1 611 X 1 333 = 2 830 kVA. 

(4) Correction for Magnetizing Current. The magnetizing cur- 
rent proper is I^ = 0*05 X 38*5 == 1*92 A, whilst the in-phase 
component due to iron loss is J,- = 0*0075 X 38*5 = 0*29 A. 
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To determine the several components of the primary current, 
we have, firstly, from equation (61) 

. 1545 XI 33 3 _ 

~ 2 190 X 1 000 ^ 

and, secondly, from equation (62) 


cos (f) = 


0*959 (with tan cj) == 0*296) 


Hence the power component is 

i; = 0*943 X 38*5 = 36*3 A, 

whilst the reactive component is 

IJ = 0*943 X 0*296 X 38*5 == 10*7 A. 

Similarly, the harmonic component is 

„ /r, /0*943\21 


38*5 X 


7*0 A. 


From equation (63) the corrected value of the primary 
current is then 

1" = v'[(36*3 + 0*29)2 + (10*7 + 1*92)2 -f (7*0)2] 

= 337 + 160 + 49) == 39*2 A, 

which is some 2*4 per cent greater than the figure previously 
obtained. Consequently the primary copper loading finally 
becomes 

= 1*024 X 2 190 = 2 240 kVA, 

so that the final value of the mean transformer rating is 
W = 2 855 kVA. 

(5) Phase Equalizer. The phase-equalizing choke coil, con- 
sidered as a 50-cycle single-phase transformer, has an equiva- 
lent rating of approximately 

0*083 X 1 611 X 1 333 = 180 kVA. 


Each of its two windings must be capable of continuously 
carrying half the full-load output current of the rectifier, or 
667 A. As explained in Chapter V, the voltage across the 
phase equalizer may be taken as half the secondary phase 
voltage of the rectifier transformer, or approximately 690 volts. 
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The voltage per winding is therefore 345 volts, and has a fre- 
quency of 150 cycles per second. 

The triple-harmonic magnetizing current in each winding is 
carried by half the load current so that the critical load 
current must be equal to twice the amplitude of the mag- 
netizing current. Assuming a critical load of 0-5 per cent of 
full load, then the magnetizing current of the phase equalizer 
must have an r.m.s. value 


Im, == 0‘707 X 


0*005 X 1 333 


2*4 A. 


The reactance per winding at third-harmonic frequency is 
therefore 

690 

Xg = = 290 ohms, 

so that the inductance per winding must be 

290 


L = ^=. 

3a) 3 X 277 X 50 


0*154 henries. 


(C) Performance Characteristics. The full-load efficiency 
of the rectifier unit is found from equation (64) to be 


2 000 2 000 
^ ' (1 545 X 1 333) + (0-0075 X 2 000) ~ 2 060 + 15 


0-966 


whilst from equation (65) the power factor at full 
similarly, 


1 = 


36*28 + 0*29 
39*21 


= 0*932. 


load is, 


Finally, from equation (11) the drop in output voltage* from 
the critical load to full load is found to be 


r = 100 X 


66 + 20 

1 611 - 25/ 


86 

1586 


5*42 per cent. 


The direct-current terminal pressure at no-load is, of course, 
given by 


/1 377\ 
V 0*74 7 


— 25 = 1 836 volts, 


which is 16 per cent higher than at the critical load of 7 A. 

* Oenerally referred to as the regulation of the unit, 
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The main design data appropriate to different loads are 
collected in Table VI from -which the performance character- 
istics of Fig. 183 are derived. 

The Des^ of a Multiple-imit Glass-bulb Rectifier Installation 
for Lightii^ and Power Supply. The design data are required 
for a twelve-phase glass-bulb rectifier equipment to supply 



2/4 ^/4 % V4 ^/4 


Load. 

Fig. 183. Performance Characteristics of a 2 000-kW, 

1 500-volt Steel-tank Rectifier Unit 

600 kW across the outers of a 250/500 volt three-wire direct- 
current system and to withstand overloads of 

r 25 per cent for 2 hours, 

^ 50 per cent for 15 minutes, 

l 100 per cent for 15 seconds. 

The equipment is to run in parallel with rotary converting 
plant having a level-compound voltage characteristic. The 
alternating-current supply is three-phase at 6 600 volts and 
50 cycles per second. The rectifier transformer may be as- 
sumed to take a 6 per cent magnetizing current, whilst the 
iron and copper losses are to be taken as 1 per cent and 2 






330 . MERGUBY-ARC CURRENT CONVERTORS 

per cent respectively. The arc drop in the glass-bulb rectifiers 
is to be assumed constant at 21 volts. 

(A) Glass-btjlb Rectibiees. The full-load output current is 


600 X 1 000 
500 


1200 A 


so that the M.C.R. of the equipment will be 1*25 x 1 200 
= 1 500 A. For this output four bulbs are necessary, each 
being rated at 375 A. The nearest standard rectifier bulb 
rating is likely to be 400 A. The 50 per cent overload rating 
corresponds to 1 800 A for 15 min., or 450 A per bulb for that 
period. This represents only slightly over a 10 per cent over- 
load based on the standard rating, which is well within the 
capacity of a modern glass-bulb rectifier. 

The heat energy liberated in each bulb at full load has to be 
dissipated at the rate of 21 x 300 = 6*3 kW, or 21 500 B.Th.XJ. 
per hour. For this purpose some 6 500 cub. ft. of cooling air 
per minute will be necessary.* 

(B) Rectieiee Tbaistseoemee. Of the several twelve-phase 
circuits discussed in Chapter VI, the ‘‘series” circuit has the 
advantage of embodying the principle of phase equalizing 
without producing a sudden and sharp rise in output voltage 
in the no-load region. In this respect it is somewhat superior 
to the quadruple three-phase circuit, whilst the mean kVA- 
rating of the transformer unit is the same in both cases. Pre- 
ference will in this case, therefore, be given to the twelve-phase 
series connection. Two rectifier bulbs will be supplied from 
each fork-connected secondary winding, so that the outer 
stretches must be split, providing two parallel paths of appre- 
ciable impedance for the currents taken by pairs of anodes 
operating in parallel. f The r.m.s. anode current at full load 
is then found, from equation (246), to be 

= 1 X 0*173 X 1 200 = 104 A, 


* The author has found from experience that a useful empirical rule for 
deteimiining the quantity of cooling air required is to allow 3 cub. ft. per 
min. for every 10 B.Th.TJ. to be dissipated per hour; or approximately 
1 cub. ft. per min. for every watt lost in the arc. This rule, of course, only 
applies in the case of normal room temperatures and where a properly designed 
air-flow around the bulb has been obtained. 

f Alternatively, special centre-tapped anode choke coils must be pro- 
vided, designed to give an impedance drop in each half-winding of about 
15-20 volts at full load* 
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a figure which is within the limits of a 400-A rectifier bulb,* 
even when taking into account the specified overload of 25 per 
cent for 2 hours. 

The ideal full-load voltage at the direct-current terminals of 
the rectifier equipment is 


F/ = 500 + 21 + 


2 X 600 X 1 000 
100 X 1 200 


= 531 V. 


As grid-control will be employed to maintain the voltage con- 
stant at all loads, one may allow a fairly large reactance drop 
in the transformer. If a 7 per cent drop in output voltage 
between no-load and full-load is assumed, then the ideal no- 
load terminal pressure becomes 


V 


do 


531 

0“93 


= 571 V, 


so that the actual no-load direct voltage is (571 — 21) = 550 
volts. The drop due to transformer reactance is e,. = 40 volts. 
As the rectifier circuit operates on the four-phase system (c/. 
Chapter VI) and only half the load current is commutated in 
each of the two secondary windings, f equation (59) gives 


40 


277 


X 


1200 


X Z, 


from which the equivalent secondary reactance per phase X 
= 0*1047 ohm. 

The angle of overlap at full load is found from 


cos 



531 

571 


= 0*93 


to be - 2 ^ = 30° 41'. The reduction factor for the anode currents 
is, therefore, v'[l — — 0*955. As the iimer stretches of 

the secondary winding are utilized twice as often as the outer 
stretches, the reduction factor for the secondary currents is 
•^/[l — 2y){u)] = 0*978. The primary currents have a reduction 
factorj ^[1 — K. yj{u)], where k = ^(1 — cos 27 r/p), which in 


* The limiting r.m.s. anode current in modern bulbs of this size varies 
from about 120 to 150 A. 

t Strictly speaking, the load current divides between the two transformers 
in the ratios 2 : and yZ : 2 durmg alternate twelfths of^ the anode 

voltage cycle. For all practical calculations the effect produced is the same 
as if the division were symmetrical and in the ratio 1:1. 

X Cf. the author’s Fundamental Theory of Arc Convertors, pp. 93 and 94, 
equations (84) and (85). 
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this case becomes V[1 ~ V&ly>{u)] = 0-982. The total primary 
copper loading is consequently 

Fi = 0-982 X 1-03 X 571 X 1 200 = 695 kVA, 
so that the input current to the transformer bank is 


r 


61 A. 


695 X 1000 
VS X 6 600 

The secondary phase voltage is, from equation (24a), 
E == 0-785 X 571 = 448-5 volts, 


and the corresponding voltages across the inner and outer 
stretches of the -windings are thus Ei = E^= 259 volts. 

Equations (57) and (58) combine to give the folio-wing simple 
expression for the percentage transformer reactance 


100 _ WiX 100 X 695 X 0-1047 
“ 3 ^ (E)^ "" 3 X (448-5)2 


12*6 per cent. 


This comparatively high reactance value allows of a concentric 
type of winding being used without sacrifice of mechanical 
strength as regards withstanding the heavy short-circuit stresses 
set up during a possible back-fire — although in the case of a 
glass-bulb rectifier equipment this factor is really of little con- 
sequence, as suitable protection is afforded by anode fuses. 

It is now possible to deduce the main elements of the trans- 
former design, as follows — 


Anode current, 

== J X 0-955 X 0-173 X 1 200 = 100 A, 
Secondary current, 

4 = 0-978 X 0-268 X 1 200 = 315 A, 


Secondary phase voltage, 

E = 0-785 X 571 = 448-5 V, 


Voltage per secondary stretch, 
= 259 V, 

Star-primary phase voltage, 

6 600 
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Delta-primary phase voltage, 


E^ = 



6 600 _ 
VS “ 


3 300 V, 


Star-primary phase current, 

J/ = 0-983 X 0-438 X 1 200 X = 61 A, 


Delta-primary phase cnrrent, 

7^' = 0-983 X 0-253 X 1200 X = 35 A, 


Total secondary copper loading, 

= 0-983 X 1-67 X 571 X 1 200 = 1 125 kVA, 
Total primary copper loading, 

= 0-983 X 1-03 X 571 X 1 200 = 695 kVA, 
Mean transformer rating, 

W = -1(695 -4- 1 125) = 910 kVA. 


The magnetizing current is = 0-06 x 61 = 3*6 A, 
whilst the in-phase component of the no-load current is 
= 0-01 X 61 == 0-6 A. To determine the components of the 
primary current, we have 


Aq — 

and cos ^ = 
so that fx = 


531 X 1200 


= 0*916, 


695 X 1 000 
531 

= 0*930 (with tan <j> — 0-3952), 
0-916 


0-930 


0-985. 


Hence the power component is 
1/ = 0-916 X 61 = 56 A, 
the reactive component is 

// = 0-916 X 0-3952 X 61 = 22 A, 
and the harmonic component is 

J/ = 61 X V[1 - (0-985)2] == 10-5 A. 
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Consequently the corrected value of the primary current is 

I" = y'[(56 + 0-6)2 (22 + 3-6)2 + (io-5)2] 

== V'(3 193 4- 655 + 110) = 63 A. 

This is 31 per cent greater than the figure previously obtained. 
The final value for the primary copper loading is therefore 

Wi = 1-035 X 695 = 725 kVA, 



so that the mean transformer rating finally becomes 
W = 925 kVA. 

(C) Peefosmance Chaeactbristics. The full-load efficiency 
of the equipment is 

_ 600 600 
' (531 X 1-2) -f (0-01 X 600) ~ 637 -f- 6 

= 0-934, 
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whilst the full-load power factor is 


56 + 0-6 
63 


= 0-9. 


The inherent regulation of the equipment to be nullified by 
grid-control — ^is 


550 - 500 
550 


— == 9 per cent. 
550 


The ignition angle oc at no-load, i.e. the angle by which the 
arc commutation must be retarded m order to bring the no- 
load terminal voltage down from 559 to 500 volts, is thus 
given by 

= „.909 

V..-e. 550 


COS oc = 


from which « = 24° 38'. The inherent power factor at other 
loads is approximately given by 


= ^ . cos (oc -I- <^) 

since the effect of retarding the instant of arc commutation is 
to reduce the power factor. At no-load, therefore, and neglect- 
ing the effect of magnetizing current, the power factor would 

be u cos oc instead of /i. , ^ i ■ i j.u 

Table VII gives the principal design data from which the 
performance characteristics of Fig. 184 have been plotted. 



CHAPTER XVI 


SOME TYPICAL BRITISH RECTIFIER 
INSTALLATIONS 

In concluding a work dealing very largely with the theoretical 
aspects of current conversion by means of mercury-arc recti- 
fiers, it is only correct that some account should be given of 
how the leading principles of arc rectification are applied, not 
merely in the laboratories and research departments of rectifier 
manufacturers, not even in the course of “field” tests carried 
out under rather special conditions perhaps, but in normal 
circumstances such as make a ready appeal to those who, in 
the end, have to attend and maintain the actual equipments 
in which these principles are embodied. This chapter is accord- 
ingly devoted to a description of British practice in power 
rectification as typified by some examples of mercury -arc rectifier 
plant installed in this country during the last five years* — 

( 1 ) Steel-tank rectifier equipments for electric railway service . 

(2) Glass-bulb rectifier equipments for electric railway service. 

(3) Steel-bulb rectifier equipment for trolley-bus service. 

(4) A fully-automatic grid-controlled steel-tank rectifier sub- 
station for municipal lighting and power supply. 

(5) Grid-controlled glass-bulb rectifier equipments with a 
variable voltage-characteristic. 

(6) A steel-tank rectifier substation for municipal lighting 
and power supply, and arranged for either fully-automatic or 
remote supervisory control. 

(7) A glass-bulb rectifier unit for municipal traction service 
and arranged to deal with regenerated power. 

(8) A remote-controlled steel-tank rectifier substation in- 
stalled in a residential area. 

(1) Steel-tank Rectieibe, Equipments foe Electeic 
Railway Seeviob 

It is by now well established that among converting plant 

* The author is indebted to the following publications for the description 
and illustration of these rectifier installations — 

B.T.H. Descriptive List No. 121-13. Bruce-Peebles Leaflet No. 183. 

G.E.C. Installation Leaflets Nos. 27, 28, and 31. The Engineer (28th July, 
1933). The English Electric Journalf VoL VII, Nos. 1 and 2. 
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capable of meeting the onerous demands of electric traction 
service, with its rapidly varying duty-cycle involving fre- 
quent and sudden load peaks, the mercury-arc rectifier 
stands pre-eminent. The author had occasion to draw public 
attention to its marked superiority over rotating converting 
plant for this duty at a time, when interest in the steel- 
tank rectifier — dormant in this country since the failure of 
such plant to establish itself as a commercial success in the 
early ’twenties — ^was being stimulated afresh by the decision 
of the London Electric Railway authorities to supply their 
extending underground traction system from mercury-arc 
rectifier substations. 

The factors influencing the decision to equip the substations 
for the Piccadilly Line extensions wholly with mercury-arc 
rectiflers were (1) quietness of operation, (2) parallel operation 
of adjacent substations fed from different power systems, (3) 
high efficiency at low loads, and (4) high momentary overload 
capacity. 

The extension from Finsbury Park to Cockfosters amounts 
to miles, and is designed for an ultimate service of forty -two 
seven-coach trains per hour in each direction. The line is served 
by substations at Manor House, Wood Green, Arnos Grove, 
Southgate, and Cockfosters. Manor House and Wood Green 
substations each contain three 1 500 kW rectifiers. The re- 
maining substations will each contain two similar equipments. 

The rectifier equipments are all constructed for 630 volts 
direct current, and have the following ratings — 

1 500 kW, 2 400 A continuously, 

2 250 kW, 3 600 A for one hour, 

4 500 kW, 7 200 A for short periods. 

In addition to the substations supplying this extension, the 
contract awarded to the British Thomson-Houston Co., Ltd., 
included two other substations, between Finsbury Park and 
King’s Cross. One of these (at Holloway Road) contains recti- 
fiers of 1 500 kW rating, which replaces existing equipment ; the 
other (at York Road) contains units of 2 000 kW capacity 

All the above substations are unattended and are remotely 

^ * The more general arguments in favour of steel-tank rectifiers for trac- 
tion service are given in the paper read jointly by Mr. J. W. Rissik and the 
author before the Institution of Electrical Engineers and referred to above. 
{Journal 1931* VoL 69, pp. 933 et seq,) 
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controlled from a control room located above the Wood Green 
rectifier substation, from which also the 11 000-volt, 50-cycle, 
three-phase supply received from the North Metropolitan 
Electric Supply Co. is distributed to the seven substations. 

Rectifiers. Eig. 185 illustrates one of the 1 500 kW rectifiers 
installed. They are constructed with twelve main anodes, and 



Fig. 185. 1 500-ivW 630 -volt Steel-tank Rectifier 
British Thomson-Bouston Co., Ltd. 

the following features are incorporated in their design and 
construction — 

The main vacuum tanks are welded by the atomic hydrogen 
process, giving a dense, ductile weld. The main anodes, excita- 
tion anodes, and ignition anode are mounted on a top plate, 
which is easily removable from the main vacuum tank by 
breaking one seal. 

All demountable joints on the rectifier are sealed with 
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mercury and fitted with, leakage indicators, giving a flexible 
low-stressed seal. 


All water-cooled surfaces are available for inspection with- 
out breaking the vacuum. 



The mercury pump, rotary 
vacuum pump, pump motor, 
Pirani gauge generator, and water 
circulating pump are all mounted 
on the main tank, so that all this 
equipment can be fixed to the rec- 
tifier in the factory, thus ensuring 
good alignment and freedom from 
faulty joints. 

Six -phase excitation is used, 
which ensures complete stability 
of the main arc even at the 
smallest possible loads. This con- 
struction also enables the rectifier 
to be designed with the greatest 
factor of safety with regard to 
backfire. 

The mercury pump (Fig. 186) is 
of exceedingly high speed, and 
the boiler of the pump is heated 
by induction, so that the maxi- 
mum temperature at any point 
on the mercury pump does not 


Pig. 186. Mekctjby-vapotjb exceed approximately 200° C. — 

“ important point where con- 
British Thomsons ouston Co. Ltd tinuity of scrvice is essential. 


The anodes and anode screens 


are constructed of graphite, which ensures freedom from 
deterioration during bake-out, short-circuit, or backfire. 

These rectifiers are fitted with special and exact thermal 
control, rendering them remarkably free from backfire. 

Each rectifier is fitted with two vacuum gauges. One is 
manually controlled (McLeod gauge) and gives absolute read- 
ings, but is not suited for continuous readmgs or for automatic 
control. The other vacuum gauge (Pirani gauge) is an electrical 
device which can be calibrated from the manually-operated 
gauge, and is suitable for giving a continuous indication of the 
vacuum, and also for operating a relay in case the vacuum 
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should faU below a predetermined figure. The Pirani gauge 
(Pig. 187) is of unusually robust construction, and is suitable 
for operating the indicating instrument and relay direct with- 
out the use of any delicate intermediate mechanism. 

The cooling water for each rectifier is circulated by the water- 
pump on the rectifier through a closed-circuit cooling system. 



Fig. 187. ELEGTRiCAi Vacuum Gauge and Relay Panel 
British Thomson-Bouston Co., Ltd. 

A motor-operated fan forces air through the cooler (Fig. 188), 
and is controlled by a thermostat on the rectifier so as to run 
intermittently, starting up when the temperature has risen to 
a predetermined value and stopping again as soon as the recti- 
fier has been cooled to a temperature a few degrees lower. The 
cooler is at the potential of the rectifier tank ; the complete fan 
equipment, however, is at earth potential. The mercury pumps 
are cooled by water from a storage tank fitted with a ball valve 
and capable of maintaining the supply during any reasonable 
suspension of the water service. 

A smoothing equipment is connected to each rectifier to 
ensure freedom from disturbance to telephones arising from the 
undulations normally associated with the output voltage. With 


Fig. 188 . Air-blast Re-cooler for Steel-tank Rectifier 
British Thomson-Houston Co., Ltd. 



Fig. 189 . Air-cored Smoothing Reactor 
British Thomson-Bouston Co., Ltd. 
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this apparatus the undulations are reduced to approximately 
one-tenth of their normal value. The equipment consists of a 
reactor (Pig. 189) placed in series with the load, together with 
four resonant shunt circuits connected between the positive 
and negative bars, each shunt circuit containing a reactance 
coil and condenser and being tuned to a particular frequency. 
The four circuits fitted are tuned to 6, 12, 18, and 24 times the 
supply periodicity. If such equipments are fitted to rectifiers, 
the output voltage wave-shape is as satisfactory as that 
obtained from well designed rotating converting plant. 

The rectifiers were specially designed with a view to giving 
excellent starting characteristics. It has long been appreciated 
that one of the limitations of the early rectifiers was the fact 
that reduced loads only could be placed on them when cold, 
i.e. it was necessary for the rectifier to warm up somewhat 
before it was safe to apply heavy overloads. This condition 
was avoided in the experimental equipment put into the 
Hendon substation by fitting the tank with a high-power 
heater which was used prior to connecting the rectifier to the 
bus-bars. In these later equipments, by special design it is now 
possible to connect the rectifier to the bus-bars without pre- 
heating and with a certainty that it will carry large overloads. 

The guaranteed efficiencies, which were readily met on these 
equipments, including all losses in the rectifier, transformers, 
transformer blower, auxiliaries, smoothing circuit, and all stray 
losses, were as follows — 

Full Load Half Load 

93 * 37 % 93 - 34 % 

Transformers. The main transformers required for convert- 
ing the 11 000-volt, three-phase supply to the voltage and 
number of phases required by the rectifiers, consist of three 
single-phase air-blast units. The primary side is connected 
in delta, and the secondary windings are connected parallel 
double three-phase, the neutral points of the stars being con- 
nected together through an interphase transformer. 

The transformer cores are of cruciform type, a form which 
enables efficient use of the iron to be made as well as affording 
the excellent ventilation required in the air-blast design. 
Circular coils, the advantages of which are well known, are 
employed. Special attention has been given to the mechanical 
design and to the insulation of the secondary windings to 
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render them free from damage due to voltage surges or short- 
circuits. 

Each hank of transformers is provided with a low-voltage 
six-phase winding, so that by changing hnks on the transformer 



Fig. 190. Main TRAJjTsroRMEit without Casing, showing Core 
AND Coils — ^and Links kob Baking- Out 
British Thomson-Houston Co., Ltd, 


terminals, the rectifier can be supplied at a low voltage suit- 
able for baking-out after it has been opened to atmosphere. 
With this arrangement, disconnection or removal of the main 
leads is avoided should it be necessary at any time to open 
one of the tanks. 

Kg. 190 illustrates one of the main transformers, whilst 
Fig. 191 shows the interphase transformer, the air casings 
being removed in both cases. 

The auxiliary supplies to the rectifiers, control gear, and oil 
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switches are provided by two step-down transformers in each 
substation, the high-tension side of each transformer being 
connected to an incoming alternating-current feeder through 
current-limiting resistances and high-tension fuses. These 
transformers are self air-cooled, and step down from 11 000 
volts to 220 volts, three-phase, each transformer being large 
enough to supply the whole of the 
auxiliary load in the substation. 

Bake-out Equipment. A bake- 
out equipment is supplied in each 
substation, consisting of the six- 
phase low voltage windings fitted 
to each bank of main transformers, 
and a loading resistance. The func- 
tion of this apparatus is to enable 
the rectifier to be operated at low 
voltage with gradually increasing 
current after the tank has been 
opened to atmosphere, so as to 
drive off occluded gas from the 
tank and anodes and thus make 
sure that when the rectifier is put 
in commercial service it is in a fit 
condition to carry its heaviest 
loads. The inclusion of this appar- 
atus is desirable, since it ensures 
that after overhaul the plant can 
be put back into service in the minimum time without risk of 
backfire or other disturbance. 

Rectifier Control Gear. A complete control panel for a recti- 
fier equipment is shown in Fig. 192. These panels perform all 
the operations necessary for starting-up, controlling, and shut- 
ting-down the rectifier when the appropriate impulses are 
received from Wood Green control room. As soon as the start- 
ing impulse from Wood Green, or from the local control switch, 
is received, the rotary pump motor starts up (the mercury 
pump is already operating, as it works continuously) and, pro- 
viding that the various protective devices indicate that every- 
thing is correct, the excitation arc is struck, and the main oil 
switch closed, energizing the main transformers and starting 
the transformer blower motor. The voltage which immediately 
appears at the direct-current terminals of the rectifier then 
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Fig. 192. Automatic Control Panel eor Rectifier Unit 
British Thomson-Houston Co., Ltd. 

causes the positive and negative circuit-breakers to close, 
whereupon the fact that the rectifier is on load is indicated at 
Wood Green. The total time required to put a rectifier on 
load, at any temperature, is about one minute. When shutting 
down, the stopping impulse simply trips the various circuit- 
breakers, and the opening of these similarly operates an indi- 
cating lamp in the control room. 
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The rectifier control panel also includes the apparatus for 
starting and stopping the recooler blower under thermostatic 
control. 

Protection. Each rectifier is connected to the direct-current 
bus-bars through a reverse-current high-speed circuit-breaker 
on the positive side and a contactor on the negative side. The 
negative contactor is necessary, as the traction system operates 
with both positive and negative conductor rails insulated from 
earth. 

In the event of a backfire, the reverse -current high-speed 
breaker would immediately open, due to current fed back into 
the rectifier from the bus-bars, and this is interlocked so that 
its opening instantly trips the main oil switch. Overload relays 
and an earth leakage relay are also provided on the alternating- 
current side, operating direct on the oil switch. 

The rectifier control gear also provides protection against 
the following occurrences — 

{a) Alternating-current supply voltage too low for correct 
operation of auxiliaries. 

(6) Failure of vacuum. 

(c) Excess temperature of the rectifier. 

{d) Excess temperature of the mercury pump. 

(e) Excess temperature of the transformers. 

(/) Failure or stalling of the rotary pump motor. 

{g) Failure to complete the starting operation within a 
definite time. 

{h) Excessive voltage rise on the direct-current system, or 
breakdown of rectifier auxiliaries to earth. 

In the case of (/), {g), and (A), the rectifier is locked out of 
service ; but in case of the operation of any of the other pro- 
tective devices, the rectifier can be started again from Wood 
Green as soon as the faulty condition has corrected itself. 

It is a characteristic of the double three-phase transformer 
connection that there is a steep rise of the output voltage, 
amounting to 15 per cent, from about 0*4 per cent load to no- 
load. Although conditions will rarely arise where a load as 
small as this can exist, provision is made in each substation to 
take care of the voltage rise. The apparatus for this purpose 
consists of a small loading resistance which is automatically 
connected across the bus-bars as soon as any rise of voltage 
takes place, and is disconnected after a time-delay. The power 
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consumed in this resistance is only 5| kW ; and as it is only in 
circuit for a few minutes per day before the train lights are 
switched on, its effect on the total efficiency is negligible, and 
a good deal less than would be the case if the alternative method, 
namely, separately exciting the interphase transformer with 
triple-frequency current, had been adopted. 

E.H.T. Switchgear. The high-tension switchgear, both in 
the distribution substation at Wood Green and in the rectifier 
substations, is of the same type, comprising moulded stone 
cells with a brick main dividing wall, equipped with spring- 
and motor-operated circuit-breakers. A two-floor layout is 
adopted, with the circuit-breakers on the top floor and the 
bus-bars and instrument transformers below. 

As previously mentioned, duplicate auxiliary transformers 
are provided in the rectifier substations, to furnish the alter- 
nating-current supply for the oil circuit-breakers, automatic 
gear and auxiliaries. 

One of these is connected to each incoming feeder, and 
change-over contactors are included which automatically con- 
nect the control bus-bars to the transformer on the incoming 
feeder which is supplying the substation at any given time. 
This change-over device is so adjusted that it is possible to 
transfer the entire load of the substation from one feeder to 
the other without the slightest interruption of the outgoing 
services. 

A similar arrangement is provided in the distribution sub- 
station, except that in this case the auxiliary transformers are 
incorporated with the potential transformers on the incoming 
feeders. Similar change-over contactors are provided, which, 
in the event of the 50-cycle supply being interrupted, auto- 
matically transfer part of the control of the rectifier substations 
to a standby 33J-cycle supply, thus enabling the breakers to 
be opened from the control room even though the rectifiers 
are out of service. 

The high-tension circtdts are controlled by means of a modi- 
fied form of the BTH. spring and motor-operated oiil crcuit- 
breaker, Type OH 22. This design of breaker lends itself to 
the layout described above, in which the breakers are kept on 
a separate floor apart from the rest of the switchgear ; and as 
only a small quantity of oil is required, fire risks are reduced 
to a mimmum. Phase separation is maintained between the 
contacts of the oil circuit-breaker. 
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The operation of this breaker is started by means of a shunt 
trip coil. This releases springs which in turn operate the 
breaker contacts for the major portion of the stroke. Towards 
the end of the stroke an electric motor is switched into circuit 
and winds up the springs ready for the next operation, at the 
same time completing the stroke of the breaker contacts. The 
closing and opening operations are similar, the cycle of opera- 
tions being started in each case by the shunt trip coil. 

The shunt trip is energized from a small nickel-iron battery, 
which is continuously trickle-charged from a metal rectifier. 
The design of the breaker is such that even if the motor fails 
to complete the stroke, the circuit will be broken by the action 
of the springs alone. For the closing cycle, however, an inter- 
lock is provided to interrupt the shunt trip coil circuit should 
the alternating-current supply fail, thus preventing the possi- 
bility of a breaker being damaged by failure to complete the 
closing stroke. 

The motor is of the single-phase series type, operated from 
the 220-volt control transformer referred to above. This motor 
is automatically connected in and out of circuit by means of 
auxiliary switches, the energy being transmitted to the switch 
mechanism through an electric clutch operated by rectified 
alternating current obtained from the auxiliary transformer 
through a copper-oxide rectifier. 

The high-tension feeders are equipped with inverse definite 
minimum over-current relays at the supply ends of the feeders, 
for giving protection against overloads and earth faults, whilst 
at the substation ends directional over-current relays are 
provided. 

The arrangement is such that in the event of a fault, both 
ends of the feeder are cleared without disturbing the sound 
parallel feeders, thus guarding against a complete shut-down. 

Direct-current Switchgear. The output from each rectifier is 
taken through a reverse tripping high-speed breaker and a nega- 
tive contactor, on the same floor as the high-tension circuit 
breakers, to direct-current bus-bars mounted behind a brick wall 
which separates all bus-bars from the remainder of the sub- 
station plant. The necessary isolating switches — ^both for these 
circuits and for the outgoing track and escalator feeders — are 
carried on slate ^panels mounted in openings in the wall, and 
are arranged for operation from the side opposite to the 
bus-bars. The latter rest on Sindanyo slabs carried in stone 
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barriers, with a special clamping device to permit of expansion 
whilst holding the bars firmly in position. 

The track feeders are provided with a forward tripping high- 
speed breaker on the positive, and a contactor without over- 
load features on the negative ; the isolating switches for each 
pair of feeders are mounted on a single panel, which also carries 
a cross-over switch enabling two tracks to be fed through a 
single breaker for short periods when overhauling a breaker 
becomes necessary. Similar arrangements are provided for the 
escalator feeders, which, however, are protected by overload 
contactors in place of the high-speed circuit-breakers used for 
the tracks. 

Eemote Control System. In line with previous Underground 
Railway practice, the remote control system adopted is of the 
direct pilot-cable type, but it differs from earlier installations 
in that alternating current is used, the supply being taken 
from the special dual-purpose control transformers in the Wood 
Green distribution substation, to which reference has already 
been made. This alternating-current supply is used to operate 
small pilot contactors in the substations, the power for the 
actual operation of the various circuit-breakers being taken 
from the local control transformer, or, in the case of low-tension 
circuits such as tracks, escalators, lighting, and signals, from 
the appropriate local bus-bars. 

The central control board (Fig. 193) is of semi -elliptical form, 
and is divided into nine sections, one for each rectifier sub- 
station and two for the incoming high-tension feeders. 

From this board the entire power output for the new line is 
normally controlled, although local operation of the rectifier 
substation is arranged for should the necessity arise. A drum 
type control switch with red and green indicating lamps is 
provided for each circuit to be controlled, whilst continuous 
indications are given of the current in each high-tension feeder, 
direct-current amperes and volts on each rectifier, and the air 
pressure in those substations where compressors are installed. 

Each control switch is fitted with a separately operated 
rotary tj^pe switch for controlling an alarm bell ; and mounted 
immediately above it is a drop-shutter relay of the telephone 
annunciator type. The opening or closing of a circuit-breaker, 
whether automatically or by operation of the control switch, 
causes the lamps to change colour and the alarm bell to ring, 
the latter continuing to sound until disconnected by means of 



TYPICAL RECTIFIER INSTALLATIONS 351 


the rotary switch already mentioned. Should the tripping of 
the circuit-breaker have taken place automatically through the 
functioning of some protective device, the drop shutter relay 
is also operated, thus enabling the attendant to see at a glance 
which particular breaker has functioned. 

Particular interest attaches to the panels for the control of 
the track feeders, which are provided with specially designed 
control switches and carry a white indicating lamp in addition 



Fig. 193 . Main Control Switchboard 
British Thomson -Houston Co., Ltd. 


to tlie usual red and green lamps. Normal operation is as 
described above for other circuits, the special features being 
part of an arrangement whereby the driver of a train or other 
duly authorized person can, in cases of emergency, completely 
disconnect the section of track on which he happens to be. 
Provision for this is made throughout the Underground Rail- 
way system, and the arrangement in use on the new extension 
has been designed to resemble, in its operation, the scheme 
already employed in the manual substations. Mounted on 
insulators on the wall of the tunnel within reach of the train 
driver are two bare copper conductors so spaced that they can 
readily be brought into contact by pinching them together. 
The effect of this is to trip the track breaker at each end of the 
section concerned, whereupon a telephone can be connected to 

I2A— (T.6) 
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the conductors and the occurrence reported to the substation 
operator. 

The bringing together of the two conductors operates a 
24-volt relay incorporated in the track control switch at Wood 
Green, with the following results: The relay trips the track 
breaker, causing the red and green lamp indicator to change 
colour, lighting up the white lamp, and ringing the alarm bell ; 
at the same time it releases a spring-loaded plunger carrying 
a white knob at its forward end. The plunger consequently 
travels forward through an opening in the escutcheon of the 
control switch, lifting a gravity-controlled shutter which nor- 
mally covers this opening, and causing the white knob to be 
prominently displayed. The forward motion of the plunger 
automatically locks the control switch in the neutral position, 
preventing the attendant in the control room from reclosing 
the breaker without deliberately depressing the plunger and 
thus resetting the relay. Should only one track open, the con- 
trol room attendant is warned by the flickering of the red lamp 
that the track is still alive from the adjacent substation. This 
flickering continues until the second breaker is opened, thus 
completely disconnecting the section of track concerned, where- 
upon the usual green lamp indication is given on both breakers. 

Auxiliaries. In addition to the main equipment already 
described, each substation contains a lighting equipment, com- 
prising a bank of three single-phase air blast transformers with 
motor-driven blower, and a contactor-type low-tension dis- 
tribution switchboard arranged for remote control. The trans- 
formers are arranged to give a low-tension supply of 440 volts, 
three-phase, four-wire for substation, railway station, and 
tunnel lighting, in addition to supplying the motors of the 
air compressors which are installed at Wood Green, South- 
gate, and Cockfosters. In all cases, except at Manor House, 
the capacity of these transformers is 300 kVA, those at this 
substation being of 450 kVA. 

A standby manually-operated lighting equipment of 300 kVA 
capacity is provided in each substation. This equipment is fed 
at 33|- cycles from the Railway Company’s own power station 
at Lots Road, and the lighting both in the substations and in 
the tunnels is divided equally between the two sources of 
supply. 

Similar equipment is provided, in aU substations except 
Arnos Grove, for operating the signals, the transformers in 
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this case being naturally air-cooled 50-kVA units, giving a 
single-phase supply at 650 volts. 

As already mentioned, certain substations are equipped with 
air compressors which feed pipe lines run alongside the track 
for the operation of points, etc. These compressors are of a 
type developed specially for the Eailway Company by Messrs. 



Fig. 194. Rectifieb Units fob Manob House Substation 
British Thomson-H ouston Co., Ltd. 


Alley & MacLellan, Ltd., some years ago, and standardized 
for use throughout the system. 

Substation Layout. The layout of the plant in the sub- 
stations, which was designed by the London Electric Eailway 
Co. in collaboration with the contractors, has been made uni- 
form in all the substations on the Cockfosters extension, and 
has also been adopted in other recent rectifier substations on 
the system. The general arrangement is shown in Figs. 194, 
195, and 196. 

The first impression gained on entering these substations is 
one of neatness and spaciousness. The substations have pur- 
posely been made somewhat roomy, as in this way air entering 
from outside can be reduced to a minimum, so that dust will 
be almost excluded from the substations. While no attempt 
has been made to squeeze the apparatus into the smallest pos- 
sible space, the open appearance of the substation is due mainly 
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to careful layout, resulting in simplified, connections and avoid- 
ance of cross-overs. The location of the rectifier adjacent to 
the main transformers enables the anode leads, which have to 
be well insulated and designed for fairly heavy currents, to be 
neatly arranged in the form of simple copper strips from the 
transformer terminals to the anode terminals on the rectifier, 
all cable connections to the anodes being thus eliminated. 



Fig. 195 . Gekebal View of Machine Room, Manor House 
Substation 

British Thomso7i-Eouston Co., Ltd. 


Again, the position of the cooling equipment economizes in 
j3.oor space and gives a simpler arrangement of the water pipes, 
as may be seen in Fig. 195. 

The ignition and excitation apparatus, and the insulating 
transformer for supplying the rotary pump motor, are placed 
adjacent to the rectifier. All the connections on the secondary 
sides of these transformers, which are at the full direct-current 
positive potential to earth, are thus reduced to a length of 
only a few feet, and a similar simplification results from the 
mounting of the Pirani gauge panel on the rectifier. It will be 
appreciated that this feature leads to a clean and dependable 
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layout of the auxiliary wiring between these items and the 
control panel. 

The position of these auxiliaries also enables them to be 
enclosed inside the same railings as the rectifier, so that almost 
the whole of the apparatus at full direct^current positive 
potential is within a single enclosure. 

The use of metal screens round the apparatus, which would 
block the view and collect dust, is avoided in favour of simple 
open handrails, spaced at a sufficient distance to make unin- 
tentional contact with the apparatus impossible. The stan- 
chions supporting the handrails are easily removable from the 
floor sockets, and the rails are made of wood so as to reduce 
to a minimum the risk of short-circuiting any apparatus when 
removing sections of rail. 

As may be seen from Fig. 196, the direct-current isolating 
switches are placed on a wall, the other side of which carries 
the direct-current bus-bars. This enables these switches to be 
placed in the direct run of the cables to the circuit-breakers on 
the gallery above, thus rendering the main connections short 
and neat. Similarly, the location of the oil switches directly 
above the alternating-current bus-bar chambers simplifies the 
layout of the high tension connections. 

A simplified diagram of connections t 3 rpical of ETH. rectifier 
practice is shown in Fig. 197. 

The western extensions of the London Electric Railway, 
involving the continuation of the Piccadilly Line from Hammer- 
smith to Hounslow and South Harrow, are similarly served by 
five mercury-arc rectifier substations situated at Sudbury Hill, 
Alperton, North Ealing, Northfields and Chiswick Park. The 
contract for the complete equipment of these substations, com- 
prising thirteen 1 500 kW steel-tank rectifiers, together with 
remote control gear, high and tow-tension switchgear, was 
placed with the General Electric Co. 

For the operation of this extension, power is supplied at 
11 000 volts, three-phase, 33| cycles, to a main distribution 
station at Alperton (adjacent to the substation) by means of 
four cable feeders from the Neasden generating station of the 
Metropolitan Railway. As the frequency is the same as that 
at Lots Road, the possibility of providing an alternative 
supply has not been overlooked in the general scheme of 
high-tension connections. 
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Converting Substations. The alternating-current power 
supply is converted to 630-volt direct current at the four 
substations at Sudbury Hill, Alperton, North Ealing and North- 
fields, each of which is connected by two high-tension, parallel 
cable feeders to the Alperton distribution station. These sub- 
stations are normally unattended and, in fact, are controlled 



Fig. 197 . Typical Diagram op Connections op Rectipier Unit 
British Thomson-Houston Co., Ltd. 


from the Alperton Station, which is not only fully equipped 
for supplying power to, and controlling the four substations 
mentioned, but is also provided with skeleton equipment for 
two further substations. A view of the control board at the 
Alperton distribution station is given in Fig. 203. The fifth 
substation included in the contract is at Chiswick Park, and 
is separately fed and controlled from the Ravenscourt Park 
distributing station. 
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The thirteen rectifiers are distributed among the five sub- 
stations as follows — 


Sudbury Hill . . • *2 

Alperton . . . . .2 

North Ealing . . . .3 

Northfields . . . • .3 

Chiswick Park . . . .3 


The substations are all designed to accommodate’ three 



Fig. 198 . Gbnbeal View of Machine Room, Chiswick Park 
Substation 
General Electric Co. 


2 500 kW rectifier units each, although at present 1 500 kW 
sets are installed. 

All the rectifiers are identical in design and a similar layout 
of the equipment has been adopted for all five substations. 
The Chiswick Park substation is situated in Hardwick Road, 
close to the railway station, and consists of a spacious rect- 
angular brick building provided with a wide gallery running 
along the full length of the station. Three mercury-arc rectifiers 
(Pig. 198) are installed on the ground floor together with their 
air-cooled transformers,, re-coolers for the rectifier cooling water, 
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smoothing reactors, the various control boards, oil circuit- 
breaker cubicles, isolating switches, and direct-current bus-bars. 
On the gallery are situated the high-speed circuit-breakers, 
negative contactors, operating transformers, and high-tension 
bus-bar chambers. 

Rectifiers. The mercury-arc rectifiers (Fig. 199) are of the 
usual top-plate type, i.e. a circular top plate bolted to the rYia.ir> 
tank carries the main and auxiliary anodes, condensation 



Fig. 190. One of the Three 1 500-kW Mercury-arc Rectifier 
Equipments in Chiswick Park Substation 
General Electric Co- 


cylinder, ignition solenoid, etc . Each rectifier has twelve anodes 
and these are connected to the secondaries of three single-phase 
transformers arranged to form a bank providing parallel double 
three-phase connection. The primary of the transformer is fed 
from an 11 000-volt three-phase 33|--cycle supply. To meet 
the requirements of the Railway Company the transformers 
are of the air-blast type, in which a sufficient quantity of 
cooling air is forced through and round the windiugs of the 
transformer by means of a fan. In order to avoid unnecessary 
complication of the main transformers, which already have a 
large number of connections, a separate portable baking-out 
transformer and resistance are provided, thus enabling any 
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rectifier unit to be baked out after overhauling, so driving off 
any traces of occluded gas. 

Each anode seal, which is of the vitreous enamel type, is 
assembled with the anode before mounting on the top-plate, 
and the joint between the latter and the seal consists of a plain 
metal-to-metal joint that enables a perfectly air-tight fit to be 
obtained. Moreover, should it be necessary to open up the 
rectifier for inspection, all that is necessary is to unscrew the 
top-plate bolts, after which the whole top-plate can be 
removed as a unit and every part of the rectifier is readily 
accessible. An important point is the simple and effective seal 
provided between top-plate and tank which is obtained without 
the use of mercury, and can easily be re-made after dismantling. 

Much attention has been given to the question of cold start- 
ing. It is well known that with early forms of mercury-arc 
rectifiers great difficulties were experienced in starting from 
cold, especially when they had to deal with heavy loads. It is 
now possible, however, to switch on very large loads with the 
rectifier at ordinary room temperature. 

Owing, however, to the necessity for ensuring continuity of 
service under all conditions, it was decided to provide internal 
tank heaters, especially as it was understood that no means 
of heating the substations themselves would be installed. The 
tank heater is therefore set to operate automatically at 5° C. 
It is of interest to note, in passing, that cold starting difficulties 
have been found to be much more pronounced with frequencies 
of 33J cycles per second than with the standard frequency of 
50 cycles per second. 

A starting anode is incorporated and is actuated by a sole- 
noid which dips the starting anode into the mercury pool. The 
starting anode is connected to a direct-current supply obtained 
from a small motor generator set and carries a current of 5 A. 
To start up the rectifier, the main oil circuit-breaker is closed, 
thus energizing the rectifier transformer which in turn energizes 
the main anodes. The starting anode then operates as men- 
tioned above. As soon as the starting anode is withdrawn 
from the mercury pool an arc is formed, which is immediately 
transferred to the auxiliary anodes and in turn to the main 
anodes. 

Auxiliaries. The cooling of the rectifier is effected by water 
jackets, which are easily removable. The cooling water is 
circulated by a centrifugal pump through an air cooler and 
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enters at the bottom of the rectifier, flows round the mercury 
pool, up through a jacket round the main tank, and thence 
through ducts cut in the top-plate to the condensing chamber 
and back to the cooler. 

The condition of the vacuum in a rectifier is of the greatest 
importance, and it is necessary to keep the working pressure 
below 0-01 mm. of mercury, the normal working pressure being 
0*001 mm. The vacuum is obtained in two stages, the first 
stage consisting of a mercury diffusion pump which operates 
in a manner similar to a steam ejector, while the second stage 
comprises an oil-immersed rotary box pump and is driven by 
a small motor off the 230-volt auxiliary alternating-current 
supply. The usual practice of operating the diffusion pump 
continuously has been adopted, but as it was not considered 
good practice to run the rotary pump continuously, the diffu- 
sion pump is arranged to feed into an interstage reservoir 
which is provided with a manometer gauge automatically con- 
trolling the starting and stopping of the rotary pump. The 
latter is automatically started when the pressure in the inter- 
stage reservoir reaches a certain pre-determined value, and is 
stopped when the reservoir is exhausted. It has been found 
with this system that after the rectifier has been in service a 
short time it is not necessary to run the rotary pump for a 
period exceeding 10 min. per day. 

In addition to the manometer gauge mounted on the inter- 
stage reservoir, a special type of Pirani gauge is inserted in the 
main evacuating pipe from the rectifier. This gauge has been 
developed in the research laboratories of the General Electric 
Co. and is claimed to present certain advantages over other 
gauges as to the direct and instantaneous indication of pres- 
sure on a scale calibrated in microns (mercury head in one- 
thousandths of a millimetre) and the simplicity with which 
automatic control is made possible. The action of the gauge 
depends on the relative cooling of current-carrying metal 
filaments enclosed in pairs in two separate glass vessels, one of 
which is evacuated and permanently sealed, while the other is 
open to the rectifier. These filaments form two arms of a 
Wheatstone bridge. 

A feature of the General Electric type of Pirani gauge is the 
elimination of the battery which has hitherto been necessary 
to supply the ''hot wire” gauge with low-tension current. The 
use of this battery is most undesirable, as it demands either 
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an automatic -charging device to maintain its correct voltage 
or has frequently to be adjusted, as all hot wire vacuum gauges 
are very sensitive to the exact value of heating current. 

The vacuum gauge is supplied with current by a special unit 
containing a small transformer and a metal rectifier. The con- 
stancy of the secondary voltage of the unit may be judged 
from the fact that were the supply voltage to vary within such 
wide limits as plus or minus 25 per cent, the secondary voltage, 
from which the vacuum gauge is fed, would not vary more 
than plus or minus 0*5 per cent. Moreover, the unit requires 
no attention. 

The diffusion pump is energized by a heater which consumes 
approximately 1 kW. As this pump is continuously in opera- 
tion, the rectifier is ready for immediate operation at all times. 
The heater boils mercury, the vapour of which is discharged 
through nozzles, at which point air is picked up in the vapour 
stream and delivered into the interstage reservoir. The 
mercury vapour is separated from the air in the water-cooled 
condensing chamber and the liquid mercury returned to the 
boiling chamber. 

A current relay is connected in series with the diffusion pump 
heater, and this relay prevents operation of the rectifier if the 
diffusion pump is not working, while a mercury non-return 
valve is fitted to the interstage reservoir which seals the 
reservoir from the atmosphere when the rotary pump has 
shut down. 

A small transformer is provided for each rectifier to supply 
power for the ignition anodes and for heating the mercury 
diffusion pump, while the motor auxiliaries are supplied from 
operating transformers, two of which are installed in each 
substation. 

Control Gear, The various control boards are mounted under 
the gallery and may be seen in Figs. 200 and 201. In the fore- 
ground of Fig. 200 is seen the rectifier relay board, and to the 
right the control board for eight track feeders and the switch- 
board for operating the oil circuit-breakers controlling the in- 
coming 11 000-volt supply to the rectifiers, various auxiliary 
transformers, etc. There are also two other control boards, 
one for track signalling purposes (seen to the right of Fig. 201), 
and the other for controlling lighting and compressor supplies 
and the feeders from the 650-volt bus-bars. 

Immediately behind the control boards, on a brick wall, are 




General Electric Co. 
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mounted the direct-current isolating links (Fig. 202), while 
behind the brick wall are the direct-current bus-bars, at the back 
of which are the stonework oil circuit -breaker cubicles. Each 
rectifier is arranged as an automatic unit, so that when the high- 
tension breaker is closed the rectifier control equipment operates 
step by step and automatically switches the rectifiers on to the 
station bus -bars. The rectifiers are protected against all faults 
by a comprehensive protective system. Each track feeder is 



Fig. 202. Dibect-ctjbrent Isolating Links for 1 500-kW Rectifiers 
AND Track Feeders (Chiswick Park Substation) 

General Electric Co. 


connected to the station bus-bars by a positive high-speed 
circuit-breaker and a negative contactor which provide pro- 
tection from overloads or short circuits. The supply for the 
breakers can be taken either from the bus-bars or the track 
side of the breaker by means of an automatic change-over con- 
tactor, so that the breakers can be closed whether any rectifier 
in the substation is in operation or not. They may thus be 
used as tie feeders between the track sections. . 

An auxiliary transformer is connected to each incoming high- 
tension feeder in each substation as a source of power for 
closing the oil switches and operating the rectifier auxiliary 
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equipment. The tripping circuits of the high-tension circuit- 
breakers are energized from an 80-volt battery in each sub- 
station which is continuously trickle-charged by means of a 
metal-oxide rectifier energized from the substation operating 
supply. 

As previously mentioned, four of the substations are under 
remote control from Alperton distribution station where the 
remote control board is installed. This board is arranged round 



Fig. 203 . Conteol Room at Alpbeton Distribution Station 


General Electric Co. 


three sides of the control room (Fig. 203), separate panels being 
provided for the control of the incoming feeders and the 
equipment individual to each substation. 

For each substation the following remote control facilities 
are provided — 

(а) Control of incoming high-tension feeders and continuous 
indication of switch position. 

(б) Starting and stopping of each rectifier and continuous 
indication of oil switch position. 

(c) Continuous indication of load on each rectifier. 

(d) Indication of the output of voltage of any one rectifier. 

(e) Control of track feeders and continuous indication of 
switch positions. 
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(/) Control of high- and low-tension switches for signalling 
transformer and continuous indication of switch positions. 

(gr) Control of low-tension circuit-breakers for signalling 
feeders and continuous indication of switch positions. 

Qh) Control of high- and low-tension switches for railway light- 
ing transformers and continuous indication of switch positions. 

(i) Control of low-tension circuit-breakers for lighting feeders 
and continuous indication of switch positions. 

(j) Control of low-tension circuit-breakers for starting and 
stopping compressor motors for track signalling purposes. 

(k) Continuous indication of the air pressure in the 
compressor reservoirs. 

(2) Glass-bulb Rectipieb Equipments for 
Electric Railway Service. 

Although the steel-tank rectifier is undoubtedly the static 
convertor par excellence for heavy-duty traction supply, 
especially at high voltage, it must not be thought the glass - 
bulb rectifier has no application for direct-current supply 
to electric railways. On the contrary, traction rectifier equip- 
ments with glass-bulb rectifier units have been in use on the 
Continent for some years; in fact, as far back as 1924, the 
Siemens-Schuckert-Werke supplied a bank of glass-bulb rectifi- 
ers to the Schleizer Edeinbahn for its 1 200-volt direct current 
system at Weimar.* As more recent examples of glass-bulb 
rectifier equipments for electric railway service on the Continent 
may be cited the numerous substations put down in 1931 
to supply the 600-volt system of the Chemins de Fer Vicinaux 
in Belgium. 

Considerable interest in this country was therefore aroused 
by the decision of the London Midland and Scottish Railway 
authorities a few years ago to re-equip several of their sub- 
stations supplying the Liverpool-Southport and Manchester- 
Bury lines with glass-bulb rectifiers, notwithstanding the con- 
siderable experience already gained with the steel-tank type 
of mercury-arc rectifier which proved so successful in connec- 
tion with the recent electrifi-cation of the Manchester, South 
Junction and Altrincham Railway, f The installation com- 
prised four 1 200-kW substations and the contract for their 

* As far as the author is aware, this particular mstallation represents 
the first application of the mercury-arc rectifier to direct-current railway 
electrification at high voltage. 

t Vide Journal 19^3, Vol. 73, pp. 473 et seq. 
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equipment was placed with the Hewittic Electric Cq. Two of 
the substations supply the Liverpool-Southport line at 600 
volts, whilst the two remaining substations supply the Man- 
chester-Bury line at 1 200 volts. An interesting feature of 
these installations is that provision has been made for increas- 
ing the substation output to 1 500 kW at a future date by 


Fig. 204. 1 200-e:W Glass-bulb Rbotifier Bank in 
Hillside Substation 
Mewittic Electric Co. 

raising the direct-current output pressure to 750 volts and 
1 500 volts respectively. 

The two 600-volt substations supplying the Liverpool-South- 
port lines are situated at Hillside and Wicky Dale, and are 
arranged for remote control from the Southport rotary- 
convertor substation. Each substation is capable of dealing 
with the following loads — 

1 200 kW, 2 000 A continuously. 2 400 kW, 4 000 A for ten minutes. 

1 500 kW, 2 500 A for two hours. 2 600 kW, 6 000 A momentarily. 

The converting equipment accordingly consists of eight glass- 
bulb rectifier units, arranged in two rows of four, placed back 
to back as illustrated in Fig. 204. The rectifier banks are 
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supplied from outdoor-type oil-cooled transformers connected 
quadruple thxee-pliase on the secondary side, the transformers 
in turn being connected to the 7 500-volt three-phase 50-cycle 
power system through ReyroUe metal-clad oil circuit-breakers. 

Each rectifier 
unit (Fig. 205) is 
self- contained, 
with its own 
auxiliaries and 
with means for 
ready isolation, 
and the bank 
can be run with 
any number of 
units in service. 
The twelve- 
phase supply 
from the trans- 
former is taken 
direct to two 
sets of six-phase 
bus-bars (c/. Fig. 
209) at the top 
of the rectifier 
cubicles. Each 
individual recti- 
fier, therefore, 
operates as a 
six-phase unit, 
and as many 
units as are re- 
quired can be 
connected to 
each set of bus- 
bars. From the 
latter the sup- 
ply to each unit 
is taken first 
through anode fuses and then through oil-immersed equalizing 
choke coils which ensure correct load distribution between the 
rectifier bulbs working in parallel. The fan motors and 



Fig. 205. 250- A Glass-bulb Rectifier Unit 
The Engineer 



TYPICAL RECTIFIER INSTALLATIONS 369 


excitation anodes are supplied from appropriate auxiKary 
windings on the main transformer. 

The rectifier cathodes are connected via isolating switches 
to the positive direct-current hus-har located at the bottom of 
the cubicles, and the supply to the track is completed through 
a reverse -current high-speed circuit-breaker and the track 



Fig. 206 . Conteol Switchgeab, Wickey Dale Substation- 
The Engineer 

feeder circuit-breakers, which latter are also of the high-speed 
type, but designed for forward tripping (on overloads). The 
direct-current switchgear and control gear (Fig. 206) was 
supplied by Bertram Thomas. 

At the manually-operated control substation in Southport 
there are duplicate batteries for the supplying of the remote 
control apparatus. One battery is in service whilst the other 
is being charged from the 600-volt mains through a stepped 
resistance and multi-contact switch. Individual feeder and 
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rectifier control is provided, and complete indication is given 
of the various operations. For example, when a rectifier bank 
is shut down this is indicated at the control substation ; and, 
in the same way, indications are given of the feeder circuit- 
breaker positions. Moreover, the direct-current output voltage 
and the substation load can be read directly at the control 
board, whilst an alarm is given in the event either of a circuit- 
breaker tripping or of failure of a rectifier bulb. 

The general layout of these 600-volt rectifier substations 
may be seen from the plan view given in Fig. 207. 


To FreshfieldA Liuerpoot 


VP Lm 



Fig. 207. Abbangement of Glass-bulb Rectifieb 
Substation, Livebpool-Southpobt Line 
The Engineer 


The two 1 200-volt substations supplying the Manchester- 
Bury line installed at Victoria and Radcliffe are similar in 
arrangement and equipment. Each substation contains three 
banks of six rectifier units supplied with three-phase alter- 
nating current at 50 cycles and 11 000 volts. The total rectifier 
capacity is thus 7 200 kW, which output is adequate to the 
demands of the heaviest trafiSc on the line, so that no other 
converting plant whatever is employed. The rectifier banks 
each have the following ratings — 


1 200 kW, 1 000 A continuously. 
1 500 kW, 1 250 A for two hours. 


2 400 kW, 2 000 A for ten minutes, 

3 600 kW, 3 000 A momentarily. 
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The six rectifier units composing each 1 200-kW bank are 
arranged in two rows of three, face to face, and with a gang- 
way between. On account of the high output voltage in this 
case, each bank along with its high-speed circuit-breaker is 
completely enclosed by a grille, the door of which is interlocked 
with the high-tension oil switch. One-half of a rectifier bank 



Fig. 208. One Half of a 1 200-kW Rectifier Bank in 
Radcliffe Substation 
Rewittic Electric Co. 

in the Radcliffe substation is illustrated in Pig. 208, whilst the 
principal connections of the rectifier equipment are shown in 
the diagram of Fig. 209. The equipments are designed for 
both manual and electrical operation, whilst the Victoria 
substation is, in addition, arranged for remote control from 
the Radcliffe substation. 

(3) Steel-btjlb Rbctifieb Equipment for Trolley-bus 

Service 

The growth of the trolley-bus service in London during the 
last few years has necessitated the provision of new substations 
for supplying electric power. One of the earliest of these is 


INCOMING A.c. Supply 



Fig. 209 . Diagram of Connections for a Rectifier Substation, Manchestbr-Bury Line 

Heivitiic Electric Co. 
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situated at Putney Bridge. After careful consideration it was 
decided by the engineers of the London Passenger Transport 
Board that the converting equipment in this substation should 
consist of pumpless air-cooled steel-clad mercury-arc rectifiers, 
a type of plant recently developed by one of the leading 
electrical manufacturers in this country. 

A most prominent feature of the air-cooled steel-clad rectifier 
is that the use of pumps is dispensed with, thus affording a 
self-contained rectifying unit which offers all the advantages 
of the robust construction associated with steel-clad apparatus : 
fragile materials such as glass are eliminated. Among other 
advantages of this type of rectifier should be mentioned high 
efficiency, ability to carry heavy overloads and withstand 
short-circuits, and remarkable freedom from back-fires. 

The success that has attended the manufacture of the steel- 
bulb rectifier has been largely due to the patented vitric seal, 
which is employed by the General Electric Co. for all its steel 
rectifiers. This seal consists of a number of thin mild-steel 
cones, which are separately coated with a special vitreous 
enamel. After assembly the cones, together with the top and 
bottom members, are fused up solid in an electrically heated 
oven. The resulting seal has a very high dielectric strength, 
is perfectly vacuum-tight, and can be secured to the rectifier 
in the simplest way, all metal-to-metal joints being welded. 

For cooling the rectifiers, a patented system of air-cooling 
has been adopted, which has proved most effective in service 
and enables the maximum possible output to be obtained from 
a given size of unit. 

There are three of these 250-kW rectifier units installed at 
Putney Bridge for the supply of power at 600 volts d.c. They 
are shown in Fig. 210, from which it will be seen that each unit 
comprises two six-anode rectifilers. 

The substation is normally unattended and is remote-con- 
trolled from an adjacent railway substation. Provision is also 
made for emergency remote control of the outgoing d.c. feeders 
from pillars which are installed at convenient points along the 
trolley-bus routes, so that in the event of a street accident, 
power can be cut off quickly from any section of the system 
should this be necessary. 

Power at 11 000 volts, three-phase, 33^ cycles, is suppHed to 
the substation through two feeders, one of which supplies one 
rectifier unit and the other the two rectifiers, which are arranged 




IiG, 210. Thbee 250-kW 600 -volt Pomplbss Air-cooled Steel-clad Mercdby-abc 
Rectifier Units at Putney Bridge Substation* 

London Passenger Tramjiort Board 

* This was the first installation of steel-bulb rectifiers in this country. 
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to operate in parallel. The incoming feeders are connected 
through isolating links to the primary windings of the main 
transformers. 

The automatic control equipment at the substation is shown 



Fic. 211. Automatic Contbol Cubicles bob Stabtinc Up 

THE ReCTIFIEB EQUIPMENT 
General Electric Co. 


in Fig. 211. Provided the incoming high-tension isolating 
links are closed, it is only necessary to close the oil circuit- 
breaker at the remote-control station, when the rectifying 
plant will start up automatically. On operating this switch, 
the primary of the appropriate main transformer is energized, 
which in turn supplies power to the small auxiliary transformer. 
The cooling fans start up immediately, and when an adequate 
air flow is established the blower relay operates and the rectifier 
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ignition and excitation circuits are energized. The rectifier 
unit is thus brought into service. As soon as a d.c. voltage is 
established at the rectifier terminals, the reverse-current high- 
speed circuit-breaker in the positive main closes, and this 
operation is immediately followed by the closing of the negative 


Fig. 212. Thbee Maik Air-blast Transformers which 
Supply the 250-k:W RECTiFrER Units Shown in Fig. 210 
General Electric Co. 

contactor, which is gang-controlled with the high-speed 
breaker. The rectifying plant is thus connected to the bus-bars 
of the d.c. switchboard. The reverse- current high-speed circuit- 
breakers are shown in Fig. 213. 

To close down a rectifier, the remote-control breaker is 
tripped. All the control equipment at the substation will 
reset automatically in readiness for restarting. 
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The main d.c. switchboard (Fig. 214) includes three rectifier 
panels, an output and test panel, six feeder panels, and a B.O.T. 
panel. This board is so arranged that the total output from 
the substation is fed through the output and test panel, where 
it is metered and passes through a summation overload relay 
to the six feeder panels. 

In the event of an overload on the substation, the summation 
overload relay operates after a predetermined time and trips 
all feeders simultaneously. Arrangements are also made to 
trip aU feeders when the entire rectifier plant is shut down. 

Faults on individual feeders are cleared rapidly and without 
disturbance to the rest of the system by means of high-speed 
circuit-breakers, which are mounted above the switchboard. 
Should a high-speed breaker with its gang- controlled negative 
contactor open on a fault, an auto-reclose relay is brought into 
operation, and after a given time again closes- the breaker and 
its contactor. If the fault persists, the auto-reclose relay will 
lock out after a given number of reclosures have taken place. 
After the fault has been rectified, the auto-reclose relay can be 
reset from the remote-control pillars along the trolley-bus 
routes, so that it is not necessary for an attendant to visit the 
substation. 

For safeguarding the installation against damage from 
faults on the system or in the rectifying plant itself, the 
following protective features are provided — 

(i) High-tension Overload and Earth Leakage, Each of the high- 
tension circuit-breakers is equipped with double-pole overload 
and single-pole earth-leakage relays, which trip the breaker in 
the event of an overload or earth fault in the primary windings 
of the main transformer and thus shut down the rectifier. 

(ii) Protection Against Overheating of the Rectifier Top Plate, 
If, due to continued heavy loads, the rectifier becomes over- 
heated, a thermostat fitted in the rectifier top plate trips the 
high-speed breaker and isolates the unit until it has cooled 
down to a safe temperature. The thermostat contacts then 
operate to close the breaker and restore the load on the rectifier. 

(iii) Failure of Cooling Air. Blower relays are provided 
which prevent the rectifier ignition equipment from operating 
until an adequate flow of cooling air has been established. 
In the event of failure of the cooling air system when a rectifier 
is in service, the relays trip the high-speed breakers and switch 
off the excitation arc. 
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(iv) Overloading of the Fan Motors. If a fan motor becomes 
overloaded, it is isolated from the supply by means of an over- 
load relay. The resulting failure of the air flow causes the 
blower relay to operate and shut down the appropriate rectify- 
ing unit. 

(v) Protection Against Fire. In order to minimize fire 
hazard, thermostats are mounted above the main transformers. 



Fig. 214 . The Main Switchboabd fob Contbolling the 
Outgoing d.c. Supply feom the Substation 

Mounted above the switchboard are the hiuh-ppeed circuit-breakers for the six 
feeder circuits 

General Electric Co. 


and trip the appropriate high-tension oil circuit-breaker in the 
remote-control station if the heat produced by any of the 
transformers becomes abnormal. 

The main transformers, which are shown in Fig. 212, embody 
the three-phase core-type construction and are designed for 
air-blast cooling. Each transformer is mounted on a brick 
chamber into which the cooling air is blown by the fan, whence 
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it passes through ducts in the windings and is exhausted 
through an adjustable baffle embodied in the top of the trans- 
former housing. As each transformer supplies the two recti- 
fying cylinders which form a complete unit, balancing choke 
coils are provided to ensure equal distribution of the load. 

Three small transformers, each of which is energized from 
the low-tension side of the appropriate main transformer, 
supply power for aU the auxiliary equipment and are designed 
with three three-phase secondary windings. Two of the wind- 
ings are completely insulated from earth and supply current 
for the rectifier ignition and excitation equipment, while the 
third, one phase of which is earthed, provides power at 230 
volts for the cooling fan motors for the main transformers and 
rectifiers as well as for operating contactors, relays, and so on. 

Precautionary measures are adopted for minimizing inter- 
ference with radio communication services which might occur 
as a result of ripples in the d.c. output of the rectifier. For 
this purpose an efficient smoothing apparatus has been installed 
and includes a series-connected reactor coil for each rectifier 
cathode and resonant shunt circuits, which are tuned for the 
principal harmonics in the d.c. output. The series-connected 
reactors can be seen on the right of Fig. 213. 

(4) A Fully-automatic Grid-controlled Steel-tank 
Rectifier Substation for Municipal Lighting 
AND Power Supply 

An outstanding feature of mercury-arc rectifier equipment 
is the facility with which it can be arranged for automatic 
working. Unlike rotating converting plant, which has to be 
run up to speed and synchronized before being switched on to 
the alternating-current supply, and has then to be paralleled 
on the direct-current side before being closed on to the 
substation bus-bars, a rectifier installation can instantly be 
put on load by merely closing the high-tension circuit- 
breaker. 

In the case of the 500-kW steel-tank rectifier equipment 
installed at the Stuart Road Substation of the Birkenhead 
Corporation Electricity Department, the nature of the sub- 
station load necessitated a definite over-compounding of the 
output voltage-characteristic. And of the three principal and 
alternative ways of meeting this requirement, viz. by on-load 



TYPICAL RECTIFIER INSTALLATIONS 383 

tap-changing on the main transformer, by an induction regu- 
lator, or by grid control of the rectifier itself, the latter alter- 
native was selected as being not only the most efficient, but 
also the most naturally suited to meet the further requirement 
that the amount of over-compounding should be adjustable 
between the limits of 4 per cent and 8 per cent, the normal 
figure being 6 per cent. Incidentally, this automatic substation, 
which was completely equipped by the English Electric Co., is 
of special interest as being the first of its kind in this country 
to include grid-control of the direct-current output voltage. 

The function of this particular equipment is to assist other 
substation plant, supplying the base load of the three-wire 
direct-current system, during times of peak load. Such times 
are indicated by a fall in voltage at points remote from the 
main area of supply; so that if additional converting plant 
situated in such an outlying part of the system is arranged to 
start up when a low voltage is experienced there, the equip- 
ment will come into service automatically at the desired time. 

When the load peak has passed, a time comes when the 
service of the auxiliary plant is no longer necessary, and this 
condition will be observed by the falling-off in the load on 
the additional plant ; hence the plant is made to shut down 
when low load occurs. 

Almost all systems are subject to momentary fluctuations 
of load, so that it is generally desirable that short time inter- 
vals be introduced between the occurrence of the correct 
starting or stopping conditions on the system and the actual 
starting-up or shutting-down of the converting plant, other- 
wise a number of unnecessary starts and stops are liable to 
occur. This time-lag feature is incorporated in the equipment 
to be described. 

The rectifier equipment is illustrated in Figs. 215 and 216, 
whilst the general circuit arrangement of the complete instal- 
lation can be seen from the key diagram (Fig. 217). The 
rectifier is supplied from a 780-kVA, six-phase fork-connected 
transformer, which presents no unusual features, except that 
special tappings are brought out on the secondary side for 
providing a low voltage during baking-out. The disposition 
and method of leading-out the several secondary connections 
is shown in Fig. 218. The usual lightning type auto-valve 
arrestors are connected across the individual secondary phases 
to protect the transformer from voltage surges such as may 
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sometimes occur under conditions of low temperature inside 
the rectifier. On the primary side the transformer is provided 
with plus and minus 2^ per cent and 5 per cent tappings, and 
is connected to the 6 600-volt, three-phase, 50-cycle supply 
through a standard metal-clad circuit-breaker which includes 



Fig. 217. Simplified Diagram op Contstections op the 
Equipment op Fig. 216 
English Electric Co. 


a solenoid-operated oil switch having a guaranteed safe ruptur- 
ing capacity of 150 000 kVA, shown in Pig. 219. 

The 500-kW steel-tank rectifier is of normal design, and is 
illustrated in Pig. 220. The outstanding feature of the unit is 
the provision of special control grids, situated in the arc path 
immediately below the main anodes. The electrical connec- 
tions to these grids are brought out to suitable terminal flanges 
insulated from the anode plate, in the same manner as in the 
case of the main anode-connections. One such insulated grid 
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connection can be seen in Pig. 220, immediately above the 
thermometer. The customary vacuum -pumping equipment 
is provided, incorporating a barometric seal which effectively 



Fig. 218. View op 780-kVA, Six-phase Fohk-oonnected 
Tb-anspohmeb Behoved prom Tank 
English Electric Co 


seals off the rectifier from the atmosphere during the shut-down 
periods of the rotary vacuum-pump. The main cooling water 
supply is regulated by means of a thermostatically-operated 
inlet valve, while that for the mercury-vapour pumps is allowed 
to flow continuously. 
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Fig. 219 . Mbtal-ci-ad, CoMPOtrND-FrciBD, Oil Cibouit-bbbakbr 
English Electric Co. 


The direct-current supply for providing ignition and excita- 
tion of the rectifier is obtained from a special rectifying unit 
of the metal-oxide type, which at the same time serves to 
supply the small motor operating the contact-making control 
disc of the grid-excitation equipment. 

Grid-confaol Gear. The grid-excitation system employed for 
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this unit {vide Fig. 81) is of the impulse type, giving “hard” 
control as described in Chapter IX, and comprises the following 
main components. 



Fig. 220. 1 000-A Grid-contbolled Steel-tank Rectifier 
English Electric Co. 

(a) Syndironons motor with shaft extension carrying the 
brushgear. 

(b) A contact disc, carried on a spindle, which can be 
rotated through a small arc. 

(c) A direct-current operating motor which drives the disc 
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through, double-reduction gearing. This motor is reversible, 
and is controlled by the voltage-regulating relays. 

The synchronous motor is coupled electrically to the same 
source of alternating-current supply as the supply to the anodes, 
and therefore runs synchronously with the anode voltage. It 
has a separately excited field which ensures that it pulls into 
step with correct phase relationship. The field excitation is 
supplied from a small metal-oxide type rectifier, which is in 
turn supplied from a^small single-phase transformer fed from 
the same source as the main three-phase winding of the motor. 
The motor has actually two fields magnetically in quadrature. 
By varying the relative strength of the two fields the rotor 
position relative to the stator flux can be varied. In the 
present case, however, this feature is not employed, and 
both fields are kept at a constant excitation. 

The brushgear on the synchronous motor shaft rotates over 
countersunk studs on the insulating contact disc. The con- 
tacts on the disc are connected one to each of the control grids, 
and the brush sweeps uniformly over them. The grids are 
connected by the brushgear to a source of potential which is 
positive with respect to the cathode. During the period when 
the grids are not connected to the positive potential they are 
maintained negative with respect to the cathode. The studs 
on the disc, and the rotation of the brushgear, are so arranged 
that the sequence of the positive impulses is the same as the 
sequence of firing of the anodes. 

As the contact disc can be rocked backwards and forwards, 
it is clear that the instant at which the grids are made positive 
can be made later or earlier in the periods during which the 
respective anodes are positive and tending to fire ; and as an 
anode cannot fire until its grid is made positive, although once 
started, it will continue to burn even if its grid is made negative. 
Therefore, if the positive impulse occurs soon enough an anode 
will fire over the whole of its normal firing period, but if the 
positive impulse occurs late in the voltage cycle, then the anode 
will fire only from that time to the end of its normal firing time. 

The voltage of a rectifier is the mean of the anode voltages 
over a complete cycle. This mean value is dependent on the 
maximum anode voltage, the wave shape, and the firing time, 
and as the two first conditions are constant and the latter can 
be varied, the voltage can be altered from the maximum to 
zero by altering the firing time, which in turn is controlled by 
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the position of the contact disc. Now as the position of the 
contact disc is controlled via the rocking motor and its 
contactor gear from the voltage-regulating relay, the rectifier 



Fig. 221 . Main Switch- and Control-bo and 
English Electric Co. 

voltage can be made to vary as required in accordance with 
the voltage-regulating relay. 

Control Switchgear. The main control board, shown in Mg. 
221, is of the standard slate-fronted flat-back type, and has 
mounted upon it the relays, contactors, and control switches 
necessary to the automatic control of the installation as a 
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whole. It consists of four panels, the first of which (on the 
extreme right) carries the bulk of the equipment controlling 
the rectifier auxiliaries, the ignition and excitation supply, and 
the grid control apparatus. 

The chief item on this panel is the automatic vacuum-indi- 
cating and control relay, its auxiliary relays, and the constant- 
current barreter. The movement of the relay is fed from the 
standard Pirani unit, the detector of which is situated in the 
vacuum. Above the moving pointer (which moves over a scale 
calibrated from 0-100 microns) is a chopper-bar which, actu- 
ated from an electrically-wound clockwork device, chops down 
at frequent intervals and causes the pointer and a fixed contact 
attached to it to move downwards. Underneath these are three 
adjustable contacts, each connected to an auxiliary relay. When 
the pointer is forced down by the chopper-bar it will close any one 
of the three contacts over which it may be located at the time, 
which in turn will cause the corresponding auxiliary relay to close . 

The three contacts are so situated under the pointer that 
the right-hand one will close when the vacuum is high, the 
middle one when the vacuum is low (but not dangerously low) 
and the left-hand one when the vacuum is dangerously low 
(i.e. '^soft”). Each of the three auxiliary relays will therefore 
close under one of the above conditions. The relay which closes 
when the vacuum is ‘"soft” causes the equipment to be tripped 
and locked out of service. When the vacuum is slightly below 
the normal operating condition, the second relay causes the 
vacuum pumps and their associated auxiliary equipment to 
start up. When the vacuum is high the third relay shuts down 
the vacuum pumps. 

When the rectifier is in service the two ‘^high’’ and ‘‘low” 
contacts are made ineffective, as the pumps are then always 
kept running. The “soft” circuit always remains effective. 
The vacuum-indicating and control equipment, therefore, 
ensures that the rectifier vacuum is maintained in a sound 
condition, no matter whether the unit is running or not ; or, if 
this becomes impossible, the equipment is cut out of action, 
thus preventing the rectifier from attempting to run under 
conditions of poor vacuum. 

At the back of this control panel are mounted the numerous 
auxiliary items, among which may be mentioned the trans- 
former, three-phase metal-oxide rectifier, and potentiometer 
supplying the grid bias. 
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The second panel comprises the equipment for initiating the 
starting-up and shutting down of the installation, and the 
voltage-regulating and load-limiting relays whose action is 
described later. 

The third panel carries the main direct-current circuit- 
breaker, isolating switches and ammeters. The solenoid- 
operated double-pole circuit-breaker is of the automatically 
reclosing type, which, on tripping due to an overload or fault, 
recloses after a time interval which is adjustable. The reclosing 
gear is set to limit the possible reclosing impulses to a pre- 
determined number after which the breaker remains open and 
the whole equipment is shut down. Should the breaker remain 
in for a given time after reclosing for a number of times less 
than the predetermined number, the counting gear will reset 
back to give the full number of possible reclosures should a 
further fault or overload occur. 

The fourth panel is equipped with the necessary control gear 
for automatically starting and protecting the rotary balancer, 
and also carries ammeters, voltmeters, mid-wire switch and 
a double-throw double-pole switch by means of which the 
balancer can be connected either direct to the substation bus- 
bars or to the rectifier terminals. Normally the balancer is 
connected to the rectifier terminals. 

Automatic Features. A comprehensive system of protection 
is incorporated in the automatic control, covering — 

(а) Alternating-current overload. 

(б) Direct-current overload. 

(c) Failure of alternating-current supply. 

(d^) Soft vacuum. 

(c) Excessive rectifier temperature. 

(/) Loss of water pressure. 

{g) Direct-current reverse current. 

(h) Overload on the balancer. 

(i) Balancer shuts down or fails to start, or is switched out 

by mistake. 

{j) Failure of equipment to complete the starting sequence. 

(Iq) Failure of the auxiliary supply. 

(Z) Locking-out of the direct-current breaker. 

Conditions a, b, e, f, g, h, i, y, Z, cause a 'dock-out,’’ i.e. the 
equipment shuts down and will not restart until a visit has 
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been made to the substation. After the trouble has been 
corrected, the lockout-relay may be reset. Overload on the 
alternating-current side locks out the equipment because the 
inverse time relays are so set that ordinary overloads will 
be cleared by the direct-current breaker, and only a dangerous 
overload condition will operate the alternating-current over- 
load relays. 

Conditions c and h are external to the plant; and if they 
revert to normal again the equipment is enabled to restart. 
Condition 6 is covered by the auto-reclosing gear and lock-out 
attachment for Z, and by the apparatus covering a and c, which 
will cause a lock-out if the direct-current overload persists. 

Starting-up. The following describes, step by step, the 
functioning of the equipment from starting to shut-down. 
Reference should be made to the schematic diagrams in Figs. 
222 and 223. 

Provided all the protective items are in the normal positions, 
and the alternating-current voltage is sufficiently high, then 
a start is possible. As soon as the output voltage falls to the 
predetermined low value corresponding to the setting of relay 
1, and provided that it is not so abnormally low' as to cause 
relay 80 to open its contacts, then time-delay relay IX will 
be energized from its auxiliary transformer. 

After the time interval of relay IX has elapsed, the latter 
will cause master contactor 4 to close, which in turn will 
energize the oil-switch closing solenoid contactor 52X and the 
total time relay 48. 

. The oil-switch solenoid ^2S will now be energized, also relay 
52 r. The circuit-breaker will close and relay 52 F will cause 
the solenoid contactor 52X to be de-energized and make it 
impossible for it to be re-energized except after a restart, thus 
preventing the solenoid from “hunting’’ should the breaker 
fail to become properly latched in. The main transformer and 
hence the anodes are now alive, and as several auxiliary con- 
tacts 52—4, 52—5, etc., on the oil-switch have closed, contactors 
8X and 95 have also closed, and all the auxiliary circuits are 
now energized from the auxiliary transformer. 

The rotary vacuum pump starts up, the rectifier receives its 
excitation supply, the mercury vacuum pump heater starts to 
warm up, the grid-control synchronous motor runs up and 
comes into step with its field excited, and the grid bias metal 
rectifier is energized and excites the grids. The ignition anode 
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dips into the mercury, and as the excitation arc is struck there 
is a potential at the rectifier terminals. 

Meanwhile the contact-disc rocking motor has moved the 
disc to the low-voltage limit position. The value of this volt- 
age is set so that it will be somewhat lower than the bus-bar 



Fig. 222. Diagram of Connections of Automatic 
Balancer Set 
English Electric Co. 


voltage, and hence there is no tendency for the rectifier to 
seize the load the moment the direct current breaker closes. 

The balancer starting-time relay T.R. picks up when the 
rectifier is made alive on the direct-current side. As soon as 
relay T.R. picks up, it closes the balancer line contactors Cl 
and C2, which energize the balancer units through the starting 
resistance, de-energize T.R. and prepare circuits for the closing 
of contactors (73, (74, (75, (76, <77, and (78. The balancer now 
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starts to rotate. Relay T.R, falls slowly against the resistance 
of an oil dash-pot and it closes, pair by pair, contactors (73 
and (74, (75 and (76, and (77 and (78. In this way the starting 
resistance is cut out step by step, until finally the balancer is 
connected straight across the line and runs at full speed. 

When the ‘‘running” contactors (77 and (78 close they cause 
the direct-current breaker solenoid contactor 12X to be ener- 
gized, which in turn energizes the solenoid 12S and the breaker 
72 closes. The solenoid is then de-energized by a device 
attached to the breaker. 

As the direct-current breaker closes, one auxiliary switch 
opens releasing the voltage-regulating gear from the impulse 
which has caused the disc to rotate to the minimum-voltage 
position. Another auxiliary switch closes, putting the voltage 
under the control of the voltage-regulating relay 58 and the 
load limiting relay 57. 

At the same time that the direct-current breaker 72 causes 
the voltage-regulating gear to come into action, it de-energizes 
the total time relay 48 to complete the starting sequence. 

Voltage Regulation. Voltage-regulating relay 58 has two ex- 
citing coils, one energized from the direct-current bus-bars, and 
one connected in opposition to the former and energized from 
a shunt in the rectifier main connections. At no-load the first 
winding only is effective and allows the relay to balance only 
at the predetermined no-load voltage, the relay thus causing 
the contact disc to revolve until the no-load voltage is reached. 

As the rectifier picks up load, the winding connected to the 
shunt becomes energized and “bucks” the first winding, 
upsetting the balance of the relay, and in turn causing the 
voltage to be raised further in order to restore the balance. 
Thus, as the load rises the voltage rises also, giving an over- 
compound characteristic to the rectifier. 

Under certain conditions an over-compounded rectifier 
attempts to seize the available load. To prevent this, the load- 
limiting relay 57 is included. This relay has its exciting coil 
connected to a current transformer included in the main alter- 
nating-current circuit of the oil switch, and has its contacts so 
connected in the voltage-regulating circuits that should the 
load rise to the predetermined limiting value, it prevents the 
voltage-regulating relay 58 from raising the voltage any further. 
Should, however, the load still rise, due to some external cause, 
then the load-limiting relay wiU cause the contact disc to 
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rotate, so as to lower the voltage until sufficient load has been 
thrown off. When the severe load condition ceases the voltage- 
regulating relay takes over control. 

The no-load value of voltage is adjustable by means of a 
rheostat, as is also the percentage of over-compounding and 
the value at which the load will be limited. The voltage at 
which the rectifier will start up, and the current at which it 
will shut down, as well as the two corresponding time lags, 
are adjustable. 

Shutting Down. When the load falls to the pre-set value, 
relay 37 energizes the timing device 62, the time lag of which 
is adjustable up to half an hour and incorporates an electrically- 
wound clock. The time-interval relay 62 opens its contacts, 
thus in turn causing relay 3 to drop out. The opening of relay 
3 causes both the oil switch and the direct-current breaker to 
trip and all auxiliary circuits to be de-energized ; so that all 
items reset to the shut-down positions, after which 62 makes 
circuit and 3 picks up ready for a further start. 

All necessary control switches and push buttons are pro- 
vided, so that the equipment can be operated manually in 
cases of emergency or for testing purposes. 

(5) Grid-contkolled Glass-bulb Rectifier Equipments 
WITH A Variable Voltage-characteristic 

The field of application of the mercury-arc rectifier has been 
greatly extended by the development of grid control, and im- 
provement in the method of applying this control has placed 
the rectifier in a very favourable position in cases where 
special characteristics are required. 

Before the application of control grids to the mercury-arc 
rectifier, the only methods available for compounding the volt- 
age characteristic were by a tap-changing device on the main 
transformer, or by an induction regulator operating on the 
primary or secondary side of the rectifier transformer. In the 
former method the voltage variation must necessarily take 
place in steps. In the latter method the voltage variation is 
smooth between the required limits, the size or capacity of the 
controlling unit being proportional to the range of voltage 
covered by the particular characteristic. The development of 
the grid-controlled mercury-arc rectifier, on the other hand, 
has resulted in the production of a compounding conversion 
unit, which has perfectly smooth voltage control between any 
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desired limits. It is unaffected in size for any voltage range, 
and is easily adaptable to automatic working. The energy loss 
in the controlling apparatus itself is small, and thus maintains 
the high-efficiency feature of the straight rectifier. 

The facility with which a grid-controlled equipment can be 
adapted to give a direct-current supply requiring a heavily 
over-compounded voltage characteristic is exemplified in the 
glass-bulb rectifier installation supplied by the English Electric 
Co. to the order of the Wallasey Corporation. Previous to the 
conversion of the tramway system, an outlying pumping 
station in connection with the Corporation water supply was 
supplied from the traction station through a long feeder. The 
pumping station contains two motor-driven pumps, which are 
controlled by means of fioats. Voltage conditions on the trac- 
tion bus-bars precluded full compensation for the heavy feeder 
drop, and it was decided to install a conversion unit which 
would be sufficiently compounded to maintain normal voltage 
at the pumps, when the changeover took place. 

Main Features. The installation consists of two rectifier 
cubicles each rated at 120 kW and supplied from separate 
transformers. In order to compensate for the feeder drop and 
maintain the rated voltage of the pump motors, it was neces- 
sary to compound the rectifier to give a no-load voltage of 
500, and a full-load voltage of 600, with a mean value of about 
550 volts at half load with only one pump in operation. 

Although one of the rectifier units is maintained as a standby 
in view of the importance of the pump-motor load, it was 
specified that the voltage characteristic of both units should 
be adjustable between wide hmits, to enable either rectifier to 
feed local circuits in parallel with rotary convertors when 
occasion demanded. 

Each rectifier unit is supplied from a three/six-phase fork- 
connected transformer, the primary supply being at 50 cycles 
and 6 600 volts, whilst primary taps of ± per cent and i ^ 
per cent are provided. The transformers are of the oil-im- 
mersed t 3 rpe, and incorporate special features in their design 
necessary for satisfactory operation when feeding rectifiers. 

The rectifier cubicles follow the general lines of the English 
Electric Co.’s construction for this class of apparatus, and are 
illustrated in Figs. 224 and 225. The cubicles are arranged for 
front access, with a voltmeter, ammeter, equalizer switch, and 
hand-wheel for adjustment of compounding, mounted on the 



Fig. 224. Two 120 -kW 6eid-conteolled Gmss-buib Eectifiee Units 
English SUric Co. 
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front panel. Each rectifier cubicle contains a six-anode recti- 
fier bulb fitted with control grids, which is rated at 200 A con- 
tinuously and capable of liberal overloads. Stability of the 
main arc down to no-load is maintained by two excitation 
anodes fitted near the cathode chamber. Ignition is effected 
by a spring-pivoted electrode which normally dips into the 
cathode mercury. When the alternating-current supply is 



Fig. 225. Front View of Cubicles Containing 200-A 
Rectifiers 
English Electric Co. 


switched on, the electrode is raised by the action of a solenoid, 
producing a small arc which commences ionization and allows 
the excitation arc to strike. The ignition circuit is controlled 
by a relay which opens the circuit when the excitation arc is 
established. 

Cooling of the rectifier bulb is provided by a multi-blade 
fan which is entirely silent in operation. Heavy-duty fuses are 
incorporated for protection of the anodes. Over-voltage pro- 
tection is provided by surge-absorbing resistances having a 
special characteristic. A cathode choke of liberal proportions 
is connected in the positive lead to ensure a smooth direct- 
current supply to the motors. 

The type of grid-control system used in this equipment is 
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be seen from Fig. 226. The grid-control panel is shown separ- 
ately in Fig. 228. 

Grid-control System. The principles underlying the opera- 
tion of the control unit may be best described by referring to 
the diagram of connections shown in Fig. 227. Small highly- 
saturated transformers are used for providing the impulses to 



Fig. 227 . Diagram of Connections of Grid -control Unit 
English Electric Co, 


the grids of the rectifier, the instant of ignition being controlled 
by saturating chokes in which the controlling influence is a 
function of the direct-current load. 

The windings of the saturated chokes are marked 1, 2 and 
3, and there are six groups, one per phase. The cores are 
omitted from the diagram for simplicity. Each of the impulse 
transformers forming the lower groups has an impulse winding 
6 coimected to the grids of the rectifier, and two excitation 
windings 4 and 5, the cores being constructed of high per- 
meability material. A small metal-oxide rectifier provides the 
negative bias on the grids, and, in addition, supplies the ex- 
citing current to the pre-magnetizing windings of the chokes. 

It will be seen from the diagram that the exciting currents 
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of the impulse transformers have a definite phase displacement, 
and, further, one is maintained constant in value, while the 
other is varied by the impedance of the choke winding. This 
feature is shown in the upper diagram of Fig. 229, the constant 
excitation as and the variable excitation as The resultant 
excitation will, therefore, be periodic, and the instant of 
reversal will depend on the relative value of the variable 
component. In consequence of the high permeability of the core, 
the flux wave is flat-topped, and at the instant of its rapid 
reversal will induce a voltage impulse in the grid winding 6. 
It is possible to limit the duration of the impulse to about 
10 degrees by correctly proportioning the various factors in 
the design, and thus produce an ideal form of ‘"hard” control. 
The value of the voltage impulse is such that it exceeds the 
negative bias of the grid relative to the cathode, and at that 
instant enables the corresponding anode to ignite. 

Voltage Control. Variation in the value of is produced 
by the action of the saturating choke, the core of which is pre- 
magnetized from the metal-oxide rectifier as mentioned before. 
This pre-magnetization is neutralized by the ampere-tums of 
winding 3, which is excited from a shunt in the main i;)ositive 
circuit of the rectifier. The saturation of the core of the choke 
is, therefore, approximately inversely proportional to the load 
on the rectifier and the variable impedance of winding 1 pro- 
duces the necessary variation in the value of excitation of the 
impulse transformer. When the load increases the variable 
excitation is weakened, and when the load decreases the vari- 
able excitation is strengthened. Reference to the upper dia- 
gram of Fig. 229 will show that the effect of this is to move 
the instant of reversal — or generation of impulse — ^to the left 
or right respectively, producing a higher or lower output 
voltage. 

In the lower half of Fig. 229 the quantities are shown vec- 
torially, and the relative values with the effect on the ignition 
angle can be readily seen. 

In this diagram — 

OA and OA' represent the anode voltage vector at full-load 
and no-load respectively. 

A'OA is the angle of ignition advance between no-load and 
fuU-load. 

OF, 00 are the variable and constant excitation vectors 
corresponding to the full-load position. 
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Fig. 229. Vectou Diagram or Gbid-oonteol System 
English Electric Co. 

OV OC' are quantities corresponding to the no-load 

position. 

OR is the resultant excitation at full-load. 

OR' is the resultant excitation at no-load. 

The vectors OV and OG are linked by a constant angle 
determined by the selected phase displacement between the 
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excitation of windings 4 and 5 of the impulse transformers. 
It will be seen that the value of the variable excitation must 
be such that at any instant the projection on the vertical axis 
must be equal and opposite to the projection of the constant 
excitation OC. Further, it will be observed that the resultant 
excitation has a value varying between OR and OR' , and that 
at the instant of ignition the value is zero, at which point the 
reversal of flux generates the voltage impulse in the grid coils 6. 
Having determined the amount of ignition advance necessary 
to give the required increase in voltage for compounding, the 
diagram will provide the relative values of the constant and 
variable excitation corresponding to this condition.* 

A noteworthy feature of this control scheme is the fact that 
the amount of compounding is under complete control by 
varying the resistance of the de-magnetizing circuit fed from 
the shunt in the main circuit. The hand-wheel seen on the 
front of the cubicles controls a rheostat which varies the resist- 
ance in this circuit, so that the compounding is capable of 
being quickly adjusted to suit the conditions for which this 
equipment was supplied. In this type of control it is also 
possible to provide adjustment by which the desired character- 
istic can be raised or lowered as a whole, which is equivalent 
to changing the ratio of the main transformer. 

Fig. 230 shows the actual characteristics obtained with 
these equipments. It will be noted that the compounding is 
perfectly smooth and has no pronounced "'hump,” and is, in 
fact, equal to that obtained on modern rotating converting 
plant. 

The system of voltage regulation used in these equipments 
is ideal for rectifiers supplying traction or other rapidly- varying 
loads. The voltage response is instantaneous, as there are no 
relays, contactors or other moving parts which, by their in- 
ertia, inevitably introduce a time lag in the compounding. In 
addition, it is claimed that the system is also partially self- 
compensating for variation in the alternating-current supply 
voltage ; and that in cases where these variations are of 
considerable amplitude the scheme lends itself readily to a 
simple modification which will maintain a steady output 
voltage in spite of wide fluctuations in the alternating-current 
system. 

* The auth-or is indebted to Mr. W. H. Evans for the development of this 
ingenious vector diagram. 
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(6) A Steel-tank Rectipibb Substation eoe Municipal 
Lighting and Powee Supply, and Aebangbd poe Eithbe 
Fully- AUTOMATIC ok Remote Supeevisoey Conteol 

The Ilford Borough Electricity Department has been sup- 
plying current to consumers since 1901, and to-day six convertor 
substations, twenty-five transformer substations, and about 400 
miles of distribution cable are in service. The latest addition 
to the resources of the undertaking is the mercury-arc rectifier 
equipment at the Town Hall substation, which was laid down 



Over-compounding 
English Electric Co. 


to relieve the growing load on the direct-current mains in the 
borough and to do away with the necessity of instalHng more 
cables ; at the same time voltage regulation in the district has 
been materially improved. The station is completely equipped 
with plant and apparatus supplied by the General Electric Co. 
Ltd., and it will eventually house two 1 500-kW steel-tank 
mercury-arc rectifiers, each with its transformer, one 150-kW 
rotary balancer and all necessary switch and control gear. At 
present only one of the rectifiers is installed. The plant con- 
verts three-phase 50-cycle alternating current at 6 600 volts to 
direct current at 470-500 volts. The direct-current network 
is a three-wire system, and since the rectifier is essentially a 
two-wire convertor any out-of-balance current has to be taken 
care of by the rotary balancer. 
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The substation is a brick building 40 ft. 6 in. by 32 ft. 6 in. 
A gallery runs along one side on which is installed the 
main high-tension switchgear, high-speed circuit-breakers, and 
smoothing choke coils. Below the gallery the control boards 
and direct-current feeder panels run nearly the whole length 
of the substation, the rectifier, main transformer, and balancer 
being installed on the other side of the building (Fig. 231). 
The main 6 600-volt switchgear consists of a four-panel truck 
cubicle switchboard with duplicate bus-bars. Two of the feeder 
units tap into a ring main and the third is an outgoing feeder. 
The fourth truck is fitted with a solenoid-operated oil circuit- 
breaker and controls the rectifier. Space is available for a 
further truck cubicle to control the second rectifier when it is 
installed. 

Rectifier Unit. A view of the rectifier is shown in Fig. 232. 
Perhaps the most interesting feature embodied in the rectifier 
design is the patented seal, which consists of top and bottom 
members with iron cones between them, separated by a special 
vitreous enamel having a coefficient of expansion similar to 
that of iron. This construction possesses great mechanical 
strength and will stand a pressure test in excess of 20 000 volts, 
and the seal cannot be damaged by overheating. Because of 
the use of this seal, it has been found possible to dispense 
with water-cooled anode radiators, even though the rectifier 
has to carry 3 750 A for two hours. All ‘‘breakable’’ joints 
are of a metal-to-metal type, which has proved highly satis- 
factory in service. The rectifier tanks are made of heavy- 
section steel plate, so as to resist corrosion and to ensure 
long life. 

The top plate, to which is welded the mercury vapour-con- 
densing cylinder, carries the main and auxiliary anodes, whilst 
situated at the top of the condensing chamber are the solenoid- 
operated ignition anode and the two main valves, which serve 
to isolate the rectifier from the pump gear. At the bottom of 
the main cylinder is the insulated cathode mercury bath, which 
forms the positive pole of the outgoing supply. If it should be 
required for any reason to open up the rectifier for inspection, 
all that need be done is to remove the top-plate bolts, and the 
whole plate with diffusion pump can be lifted as a unit. Every 
part of the rectifier is easily accessible. 

The patented anode grid is very effective, and it is claimed 
that the rectifier is capable of withstanding up to 33 per cent 
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Fig. 232. 3 000-A. Steel-takk Mebcury-abc Rectifieb 

General Electric Co. 

overload momentarily, starting with the rectifier at a tempera- 
ture of 10® C. The anodes are connected by cable to the sec- 
ondary winding of the main transformer, which is connected 
in double three-phase with an interphase reactor, the neutral 
point of which forms the negative pole of the outgoing supply. 

The rectifier transformer (seen in Pig. 231) is of the 
oil-immersed self-cooled type, the tap-changing gear and 
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interphase reactor being monnted with the transformer in one 
tank. 

Remote-control Equipment. The equipment is designed for 
operation by remote supervisory control from the Ley Street 
power station or alternatively for full automatic control. In 
the former case, the operation of small control keys on the 
remote control panel at Ley Street sends signals to the sub- 
station, which operates relays to start up or shut down the 
rectifier. In the latter case the plant is started up by a voltage 
relay operated from the direct-current side and shut down by 
an underload relay. Means are provided on the Ley Street 
control board to suspend the automatic operation if such a 
procedure should be required. The plant may also be operated 
by push-button control from the substation when necessary 
for testing or other purposes. 

A single three-way controller on the control panel in the 
substation (Fig. 235) sets all apparatus for any one of the three 
methods of control mentioned above. 

The supervisory control system is selective, employing five 
pilot wires to carry out all the operations required. There is 
no risk of mis-operation, as each selection is checked back 
before any operation is performed. Moreover, the same five 
pilot wires can be extended to practically any number of 
stations, and either similar or entirely different operations can 
be carried out from the one common sending equipment. As 
installed at Ilford it gives the following control facilities — 

(а) Starts up rectifier. 

(б) Shuts down rectifier. 

(c) Indicates position of the rectifier oil circuit-breaker. 

(ci) Indicates position of the direct-current circuit-breakers. 

(e) Raises output voltage by operating on-load tap-changing 
gear on main transformer. 

{/) Lowers output voltage. 

(^) Reads bus -bar voltage. 

(h) Reads load cun-ent. 

(j) Closes a contactor on the B.O.T. earthing panel, so that 
the system midwire may be earthed. 

(k) Opens the above contactor. 

(I ) Indicates position of earthing contactor. 

(m) Closes a contactor on the B.O.T. panel for short circuiting 
the earthing resistance. 
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{n) Indicates the position of the short-circuiting contactor. 

(p) Gives an alarm if any automatic operation should take 
place on the direct -current circuit-breakers or high-tension oil 
circuit-breaker. 

From the above it will be noticed that there are more than 
ten points concerned in the control. Two receiving cabinets 
are therefore employed at the substation, with the one set of 
five pilot wires looped into each. Thus for control purposes 
the apparatus is treated as if it were in two stations. A view 
of an operating cabinet is shown in Fig. 233. 

The equipment at the control station consists of a group of 
keys, strips of lamps for indicating purposes, and meters, all 
of which are mounted on the front of a cabinet containing the 
associated selectors and relays. A view of the cabinet is shown 
in Fig. 234. 

Apart from the economy effected, the principal features of 
the system are its simplicity and reliability. As an example, 
to carry out the operation necessary to put the rectifier into 
operation, the start key is first depressed, then a key is de- 
pressed corresponding to the number of the selected station, 
whereupon the selector apparatus at that station responds and 
is prepared to receive further signals, all other stations being 
locked off the pilots for the time being. A check-back signal 
is transmitted to the control point to indicate which station 
has been selected. A further key is then operated, marked 
“Start Kectifier,” whereupon the control apparatus at the 
particular substation selected is set in a position corresponding 
to the desired operation. Again, a check-back signal is received 
indicating correct preparation. Finally, the “operate key’’ is 
depressed to complete the operation and start the rectifier. 
When this operation has been carried out, a further signal is 
received showing that the rectifier oil switch has been closed. 
Other operations are carried out in a similar manner. 

It will be seen that the provision of check-back signals for 
each individual function performed is a complete safeguard 
against incorrect operation. 

Auxiliaries. As the plant is never called upon to start up 
when the direct-current bus-bars are dead, the supply for 
closmg the oil circuit-breaker, and operating various auxiliary 
devices is drawn from the direct-current system. A small 
transformer, energized from the low-tension side of the main 
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transformer, supplies current for the auxiliary anode circuit and 
power to the diffusion pump heaters. 

The rectifier main tank and also the diffusion pump 



Fig. 235 . Automatic Control Switchboard for Rectifier 
Equipment 
General Electric Co. 


condensing chamber are both cooled by water from the town 
supply. If this supply should fail, a three-way valve operates 
to draw water from an emergency tank. Upon the resumption 
of the public water service the valve automatically operates 
to restore the normal supply. The diffusion pump water 
supply is controlled by hand-operated valves, since a constant 


TYPICAL BEGTIFIER INSTALLATIONS 413 

small supply of water is required. The main cooling water 
supply is controlled by two valves. The first, an electrically- 
operated valve, operates to cut off the water completely when 
the rectifier is shut down. The second controls the flow of 
water through the rectifier when in service so as to maintain 
a nearly constant rectifier temperature. This valve is operated 
by a thermostat inserted in the rectifier tank. 

The high degree of vacuum necessary within the rectifier is 
maintained by two pumps working in tandem. The pump 
maintaining the high vacuum is called the diffusion pump, and 
operates by boiling mercury and passing the vapour so formed 
through nozzles. In passing through these nozzles, gases in 
the rectifier chamber are picked up in the vapour stream. 
The mercury vapour is then condensed and passed back into 
the boiling chamber, and the gases pass into the interstage 
reservoir. The diffusion pump is kept in operation continu- 
ously, so that the rectifier is always ready for immediate ser- 
vice. The interstage reservoir is evacuated at intervals by a 
rotary box pump driven by a direct-current motor. This motor 
is started and stopped as and when required by a contact- 
making manometer gauge. 

Control Features. The output voltage is maintained at the 
required value by on-load tap-changing equipment on the high- 
tension side of the main transformer. This gear is motor driven 
and controlled by a compound voltage-regulating relay. If 
deshed, the tap-changing equipment can be operated by the 
supervisory gear from Ley Street or alternatively by push- 
buttons on the substation control board. 

The starting sequence for the equipment is as follows. 

(1) The starting impulse is received either from the 
supervisory gear, the low-voltage starting relay or the local 
push-button. 

(2) The oil switch closes, energizing the main transformer 
and also the auxiliary anode circuit. 

(3) The water is turned on to the main cooling system. 

(4) After a flow of water has been established as indicated 
by the water flow relay, the ignition motor-generator set is 
started up and an arc struck between the ignition anode and 
the cathode. This arc quickly spreads to the auxiliary and 
main anodes which are already alive. 

(5) The ignition motor generator set is shut down. 
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(6) Directly the oil circuit-breaker closes, the balancer- 
starting equipment becomes energized and the balancer set 
automatically runs up to speed. 

(7) The balancer mid-wire contactor now closes and the 
balancer becomes loaded in the normal way, 

(8) An interlock on the balancer mid-wire contactor closes 
the rectifier breakers and connects the rectifier to the bus-bars. 

(9) The rectifier is normally paralleled with minimum out- 
put volts and consequently in general picks up no-load at first. 
However, the voltage-regulating relay now comes into opera- 
tion and will function to increase the bus-bar voltage to the 
normal value. As the voltage rises, so the rectifier will become 
loaded. 

(10) When the load rises above approximately 100 A, the 
main load relay operates to cut out the loading resistance, 
which is at first in circuit to reduce the 15 per cent voltage 
rise which occurs at very light loads. Should the load fall, 
this resistance is again put in circuit. 

The rectifier may be shut down by one of the following 
methods — 

(а) By the operation of the underload relay (when on auto- 
matic control). 

(б) By the supervisory gear (when on remote control). 

(c) By push-button in the substation (when on local control). 

(d) At any time by the operation of a protective device. 

In all cases the stopping impulse simply trips the oil circuit- 
breaker, when the balancer is shut down, the cooling water is 
shut off and all apparatus reset ready for the next start. 

Protective Features. The equipment is protected against all 
faults which may occur on the rectifier and its control gear, 
and from damage which may occur from faults on the system 
to which the rectifier is connected. 

The types of protection fall into two classes — 

(1) Faults which shut the rectifier down, or prevent it 
from being started until conditions are again safe for running. 
With this type of fault the protective device resets itself 
automatically. 

(2) Faults which shut the rectifier down and ''lock out” the 
set. In these cases the station must be visited and the lock- 
out relay reset by hand before further running is possible. 
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In the first class are^ — 

{a) Protection Against Overheating of the Rectifier Top Plate, 
If due to continued heavy loads the rectifier becomes over- 
heated, it is shut down, but the cooling system continues to 
operate until the rectifier has cooled down to a safe temperature, 
when the unit automatically becomes ready for service again. 

(6) Failureof Cooling Water. If there is a failure of the water 
supply for either the main or diffusion pump cooling systems, the 
water flow relays operate to shut down the unit and to prevent 
starting until the water service becomes available again. 

(c) Failure of Vacuum. If the vacuum in the rectifier be- 
comes poor, the rectifier is shut down and held out of service 
until a good vacuum is restored. 

In the second class of protections are — 

(d) Excessive Overload on the Balancer. If the balancer 
breakers trip due to excessive overload, the lock-out relay is 
operated and the plant shut down until the lock-out relay has 
been reset. 

(e) Overload or Earth Leakage on the Main Transformer, and 

(/) Direct-current Overload. The lock-out relay is operated 

as before. 

{g) Faulty Start. At the beginning of the starting sequence 
a time delay relay is started which is stopped again when the 
sequence is completed. Normally this relay is not energized 
long enough to close its contacts, but should the sequence 
be stopped for any reason the relay will run on to close its 
contacts and operate the lock-out relay. 

Finally the oil circuit-breaker is provided with a no-volt 
coil, so that should there be a failure of the operating supply 
the plant wall be shut down rather than be left running un- 
controlled. 

A simplified diagram of the main connections of the rectifier 
equipment is given in Fig. 236. 

(7) A Glass-bxjlb RECTiriEB Unit for MuNiciPAii 
Traction Supply, and Arranged to Deal 
WITH Regenerated Power 

The manifold advantages associated with the use of mercury- 
arc rectifiers for electric railway supply are not less prominent 
where municipal electric traction is concerned ; and whilst the 
tramway systems in the great majority of our cities and larger 
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Fig. 236 . Simplified Diagram op Connections of 
Rectifier Substation 
General Electric Co. 


towns are irrevocably becoming obsolete — ^if not anachronistic 
— many civic authorities favour the electric trolley-bus as a 
more economic means of meeting the ever-increasing demands 
of municipal transport than that presented by the alternative 
petrol or heavy oil engined vehicle. 

In most cases where tramway transport has been superseded 
in this way, a system of regenerative braking is employed in 
the trolley-buses ; and it is therefore necessary that the trac- 
tion substations should at times be capable either of returning 
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the regenerated surplus to the alternating-current supply 
system, or of dissipating this energy in as convenient a manner 
as possible. The former solution* is justifiable commercially 
only if the aggregate amount of energy regenerated is large 
compared with the total energy output of the convertor sub- 
station. Such cases are naturally of very rare occurrence in 
municipal traction supply and, as a rule, arise only in the sup- 



Fig. 237. 300-kW Glass-bulb Rectifier Equipment m 
Fabnwobth Power House 
Bruce-Peebles <& Co . 


ply of electric railways in regions where long and steep grades 
have to be negotiated. In the case of trolley-bus traction, 
where only a small fraction of the regenerated energy ever 
appears as a surplus to be dealt with by the rectifier sub- 
station, it is the usual practice for a ballast resistance to be 
switched momentarily into circuit, across the substation bus- 
bars, to absorb and dissipate the energy carried by the surplus 
current available from the traction system. 

An example of this method of control is afforded by the 
300-kW glass-bulb rectifier equipment installed in the power 

* Of. Chapter XI. 
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house of the Farnworth Urban District Council. The traction 
load comprises both tramcars and trolley-buses, and the system 
operates at 600 volts (at the substation bus-bars). The con- 
verting equipment, which was supplied by Messrs, Bruce- 
Peebles & Co., consists of a double-cubicle glass-bulb rectifier 
unit (Fig. 237) which is connected to the 10 000-volt three- 
phase 50-cycle supply via a motor-operated circuit-breaker 
controlled by a time switch. 

In Fig. 238, showing a front view of the two rectifier cubicles 
with both top and bottom doors open, the method of mounting 
the bulb with its base completely enveloped by the fan shroud 
is clearly seen. The anode fuses are accommodated in the 
lower compartment of each cubicle; whilst the born-gap surge 
arrestors, connected across the phases of the secondary wind- 
ing of the rectifier transformer, are mounted along the top of 
the cubicles. The transformer itself is placed immediately 
behind the latter, as shown in Fig. 237. 

The method of arc ignition employed is interesting in that 
the more usual solenoid-operated ignition anode gives way in 
the Bruce-Peebles rectifier to a tungsten electrode fitted with 
bi-metal strips formed of two thicknesses of metal having 
different coefficients of expansion, and in consequence being 
susceptible to deflection under the influence of heat, such as 
that generated by the passage of a current through the elec- 
trode. The latter, which is controlled by an ignition relay, 
normally dips into the mercury and strikes an arc by breaking 
contact with the cathode surface almost immediately after the 
current is switched on. The excitation anodes then come into 
operation in the usual way, followed by the main anodes as 
soon as load is available. 

The ballast resistance, whose function it is to dissipate the 
surplus regenerated energy which at times finds its way to the 
substation, is brought into circuit by means of a voltage relay 
which comes into operation whenever the direct-current bus- 
bar voltage exceeds a certain predetermined value. As soon 
as regeneration ceases — as determined by a return to normal 
value of the bus -bar voltage — ^the voltage relay operates so as 
to cut the ballast resistance out of circuit. The relay panel for 
controlling the ballast resistance may be seen to the left of the 
rectifier equipment in Fig. 237. 

A simplified diagram of connections of the complete rectifier 
installation is given in Fig. 239. 
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(8) A Remote-cois’teolled Steel-tank Rectieiee 
S xjBSTATioK Installed in a Residential Aeea 

One of the outstanding features — ^in fact the most out- 
standing — of the mercury-arc rectifier is its almost complete 



Fig. 238. Fkont View oe BECTiEiEit Cubicle shown in 
Fig. 237 
Bruce-Peebles & Co. 


silence in operation. It is the entire absence of the penetrating 
and persistent noise associated with high-speed rotating con- 
verting plant which makes the rectifier specially suitable for 
installation in residential districts, or in buildings where silence 

is desirable. ^ i ^ 

An interesting example of a substation where this factor 
was instrumental in determining the choice of the converting 
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plant is furnished by the College Road Substation of the Har- 
row Electric Light and Power Co. The substation is arranged 
for remote control, and is equipped with a 1 000-kW Bruce- 
Peebles rectifier unit of the steel-tank type (Fig. 240). 


Incoming 
A.C. Supply 



Outgoing- 
D,C. Supply 


. Fig. 239. Simplified Dia.gram of Connections for Equipment 

OF Fig. 237 
Bmce-Peebles & Go. 

Substation Buildings. The building is a simple brick struc- 
ture, and ample space has been allowed for additional units to 
meet future requirements. Elevation and plan views in Figs. 
241 and 242 show the arrangement of substation equipment. 
Transformer cubicles form one side of the building and are 
separated from the substation proper by a brick partition, 
access being from outside only. One side of the interior is 
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occupied by the rectifier equipment and recoolers, while the 
switchgear is located at the opposite side. The relatively small 
weight of the rectifier dispenses with the necessity for special 
foundations, or reinforcing. To facilitate handling, a girder is 
provided in the most convenient part of the building, while a 
transport carriage enables the rectifier to be moved as required. 
The substation is ventilated by louvres fitted at the bottom of 



Fig. 240. 2 000-A. Steel-tank Rectifier Unit 
Bruce-Peebles 6s Co. 


the main entrance doors, and the air, before passing to the 
outside of the building, is expelled over the top of the trans- 
former cubicles by an outlet duct from the reeooler, this 
arrangement creating a circulation of air which assists in the 
cooling of the transformers. 

Rectifier and Equipment. The rectifier is of the steel-tank 
type, constructed with twelve anodes, with a normal rating of 
2 100 A at 450-500 V direct current. It is designed to with- 
stand overloads of 25 per cent for two hours, and 100 per cent 
for 15 sec. The general appearance of the rectifier is shown 
in Fig. 240. In this case the preliminary vacuum pump, driven 
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by a small low-speed alternating-current motor, is separately 
mounted upon an insulated base, but it is of interest to note 
that this auxiliary could be mounted without difficulty direct 
on the rectifier tank, thus making a self-contained unit. It will 
be observed that the small motor is insulated from the base- 
plate, and it should be added that an insulated coupling is 
provided. The high-vacuum pump is shown mounted direct 
on the rectifier immediately above the preliminary vacuum 



Fig. 241. Ceoss-sectional Elevation of Rectifier 
Substation 
Bruce-Peebles & Co. 


pump set. Attention is drawn to the arrangement of piping 
between the water-cooled anodes and re-cooler. 

The tank is composed of fabricated steel plates of special 
grade, welded and specially treated to remove all dirt. The 
ya,cuum seals are of the mercury type, which enable efficient 
]omts to be made with normal tension of the firing holts. 
There is an advantage in this type of seal in that should any 
joint develop a leak, the fault is immediately shown by the 
smkmg of the mercury in the indicator gauge, one of which is 
fitted to each joint. Moreover, while the leak exists, only 
mercury can gain access to the arc chamber, and this is of 
small consequence, since it merely adds to the amount of 
mercury in active use. The twelve anodes are carried by the 
substantial steel plate forming the top half of the rectifier, 






Fig. 242 . Plan View op Rectifier Substation 
Bmce-Peebles & Co. 
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which can be easily removed to permit of inspection being 
carried out with a minimum of delay. The complete rectifier 
stands upon insulators mounted direct on the floor. 

Strips of copper, neatly run and securely fixed, form the 
connections to the anodes, and these are brought out to a 
terminal board mounted on the outside of the top half of the 
rectifier in the most suitable position for connecting up to the 
cables coming from the secondary winding of the transformer. 
Connection to the cathode or positive terminal is also made 
by copper strip. 

Dealing now with the ignition and excitation circuits, it 
should be stated that the current for these is supplied by a 
7-kVA three-phase 50-cycle 11 000/220-volt oil-immersed trans- 
former : this transformer also supplies current to all the auxi- 
liaries, and it is connected to the incoming feeder by an oil- 
immersed switch fuse. Two excitation anodes are provided, 
these being sufficient to maintain the cathode spot. Internal 
heaters are not fitted, these being unnecessary ; and, provided 
the vacuum is of the correct value, the rectifier may be started 
up cold and put on load without any delay. It should be men- 
tioned that the high-vacuum pump operates continuously, 
whether the rectifier is in operation or not. 

The rectifier is water-cooled by a Heenan and Froude re- 
cooler situated adjacent to the rectifier. This takes the form 
of a motor-operated fan-cooled radiator and motor-driven 
water-circulating pumps, the complete equipment being 
mounted on insulators. Two separate cooling systems are 
provided, one for the rectifier, and the other for the condensa- 
tion of the mercury in the high-vacuum pump, the same water 
being used continuously. Fig. 243 shows the recooler equip- 
ment and arrangement of piping. The illustration also depicts 
the substantial screens (three removed for photographing) 
which completely enclose the plant. 

Direct-current distribution is on the three-wire system, and 
a rotating balancer set is provided capable of dealing with 
300 A out-of-balance current. This set, which runs at 500 
r.p.m., consists of two protected-type shunt-wound direct- 
current machines directly connected and mounted on a com- 
bination bedplate. It is automatically controlled by means of 
solenoid-operated circuit-breakers and contactors, and the 
sequence of operations is such that the balancer is started up 
immediately the rectifier main circuit-breaker closes. The 
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main and balancer circuit-breakers are interlocked, so that 
when the rectifier shuts down the balancer is automatically 
tripped out. 

An oil-immersed transformer operates in conjunction with 
the rectifier, and is supplied with three-phase 50-cycle current 
at 11 000 volts. It is provided with motor-operated on-load 
tap-changing gear to give the necessary voltage variation on 
the direct -current side. Fig. 244 shows the transformer which, 
as previously mentioned, is located in a separate cubicle along 
with the auxiliary transformer and absorption choke coils. 
The secondary windings are parallel double three-phase con- 
nected, and the cables from the twelve phases are carried, 
through an aperture in the brick wall partition, directly to the 
rectifier terminal board. The negative pole of the direct- 
current circuit originates at two absorption choke coils which 
are connected to the four neutral points of the main trans- 
former secondary winding, an isolating switch being provided 
at the negative bus-bar. The secondary windings are pro- 
tected against the possibility of voltage surges by horn-gap 
arresters. 

Rectifier Control. The rectifier is remote-controlled from the 
main substation situated about a mile distant, and operates in 
parallel with rotating convertors in that station. In passing, 
it may be mentioned that the remote control apparatus for 
the rectifier is similar to that for the rotating convertors, thus 
giving similarity of control for both types of plant. 

The incoming 11 000-volt alternating-current supply is re- 
ceived at a motor-operated oil switch provided with overload 
protection having instantaneous and inverse time limit charac- 
teristics. The automatic control panel, shown in Fig. 245, 
performs the starting-up and shutting-down operations, and 
provides for the complete protection of the plant, after the 
starting impulse referred to below has been given from the 
control point. This control panel is fitted with a vacuum gauge 
and main transformer step-switch indicator, and also with 
switches for changing over the equipment to manual control. 
The remote-control panel at the control station contains push- 
buttons for {a) start up ; (6) shut down ; (c) raise volts ; (d) 
lower volts. Remote-control meters give load and voltage con- 
ditions. Signals are also provided indicating '‘plant running’' ; 
''shut down”; and "recooler fault.” 

The starting impulse for the substation is given by depressing 
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the start-up ” push-button ; this actuates the relays for closing 
the high-tension oil switch, thereby energizing the main trans- 
former, and at the same time the relay for closing the direct- 
current circuit-breaker, which is provided with a time lag to 
ensure that it cannot close before the oil switch. By means of 
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i Rectifier 
'Transforms t 
I Parallel 
I 'Double 
! 3 " Phase 


auxiliary contacts the ignition and excitation apparatus is ener- 
gized simultaneously with the closing of the oil switch, thus 
starting the ignition and excitation automatically. The rectifier 
is then ready for service 
and, provided the output incoming 

voltage is higher than 
the bus-bar voltage, will 

pick up load immediately, ; ] /?.c. 

Remote control of the i. 

rnotor-operatedtap- 
changing gear on the main 

transformer enables the i" ""A 

operator to achieve per- ; }\ ! 

feet paralleling. By means ; \ Rectifier 

of these tappings a voltage j 'Jr^Rormet 

variation of 16 per cent ; N-i \-Doubie 

can be obtained, and the ; I l, | L. ^ \ T>-Phase 

give a very smooth control ' I 

range. The high-tension 1 ^ 

oil switch is interlocked — j — — ' 

with the step switch, and | | 

is immediately tripped out LZIpl 

in the event of the step L! — U 

switch remaining in an 

intermediate position be- | ^ 

tween two tappings. T 1 

Correct vacuum is auto- ; i 

matically maintained by i {'Smtchgear 

contacts on the vacuum ‘’iVFT-’' 

gauge, the needle of which oJtgLff 

controls the starting up D.c. Supply 

and shutting down of the ^ T^ 

preliminary vacuum pump. Peincipal Connections of 

This needle will also cause Rectifier Equipment 

a ‘^^lock out” of the recti- Bmee-FeebUs & Co. 


D.c. 

S witchgear 


Outgoing 
D.C, Supply 


Fig. 246. Diagram showing 
Principal Connections of 
Rectifier Equipment 
Bmce-Feebles & Co. 


fier should the vacuum be 

too low for satisfactory operation. In the event of the temper- 
ature of the rectifier exceeding a predetermined limit, it is 
shut down by means of a contact thermometer mounted on 
the anode plate. Should the oil switch and main circuit- 
breaker be tripped due to any cause, a second attempt is 
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made to close, and if this fails the plant is shut down, the 
appropriate signal being then given at the main substation. 
Failure of the recooler fan or pump motors is also signalled 
to the main substation, while simultaneously causing the relay 
for the vacuum pumps to open the heating-plate circuit of the 
high- vacuum pump. Immediately the fault is removed the 
heating-plate circuit is again made. 

The direct-current feeder panels are situated adjacent to the 
rectifier circuit-breaker and automatic panels, the feeders being 
connected to the bus-bars by double-pole hand-operated circuit- 
breakers with overload features and isolating switches. The 
feeders are normally closed on the bus-bars. 

It is interesting to note, in conclusion, that such a system 
of remote control seems to be the accepted practice for light- 
ing and power systems; whereas on tramway systems the 
practice is to switch the rectifier into service when the sub- 
station bus-bar voltage falls to a predetermined value (i.e. as 
the load on the system increases), the rectifier being switched 
out of service when the current loading drops to a predeter- 
mined value. 

The diagram of Fig. 246 shows the principal connections of 
the complete rectifier installation. 
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